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A b s t r a c t
The major histocompatibility complex (MHC) is a much studied region o f the 
mammalian genome because o f its uniquely high level o f polymorphism. Both natural and 
sexual selection have been implicated in the maintenance o f MHC diversity. The elevated 
heterozygosity observed at the MHC could reflect overdominant heterozygote advantage 
against pathogenic infection. Equally, MHC disassortative mating would lead to an excess 
of heterozygotes.
Balancing selection acting on the MHC was detected in a natural population o f  
house mice (Mus musculus domesticus). Allele frequencies at the MHC deviated from 
those expected under neutral evolution, whereas allele frequencies o f genome-wide 
markers did not. The genome-wide markers acted as a control, indicating that the deviation 
from neutrality seen at the MHC was not due to demographic effects in the population. 
Sequencing of a class I gene (H2-K1) and a class II gene (H2-Ab) and analysis o f the rates 
of synonymous and nonsynonymous substitution revealed that the selective pressure was 
focused on codons encoding the antigen binding site o f MHC molecules.
There was no evidence o f an effect o f the MHC on mate choice in mice in a 
number of experiments. Females showed no bias towards either the urine of MHC 
heterozygous males or that o f  MHC homozygous males. There was no difference in the 
reproductive success o f males who were heterozygous or homozygous at the MHC. There 
was no evidence o f a role for the MHC in the avoidance o f inbreeding in a large enclosure 
experiment that allowed wild-derived mice free mate choice. Instead, the deficit in the 
number of matings between full-sibling mice (from expected under random mating) could 
be fully explained by a reduction in successful matings between mice that shared both 
major urinary protein (MUP) haplotypes.
MUPs are similar to MHC molecules in that they are highly polymorphic, ligand 
binding molecules that influence urine odour in rodents. The only known role o f MUPs is 
in scent communication, and they have been implicated as sex-specific markers, indicators 
of dominance and social status, and more latterly as signals used in individual recognition. 
The effect o f MUPs on sexual selection was compared to that of the MHC. However, there 
was no influence o f  heterozygosity at MUP or MHC on reproductive success in males. 
Instead, genome-wide heterozygosity and weight had significant effects on male 
reproductive success.
I tested the effects o f  MHC genotype on the parasite load o f wild-derived mice 
experimentally infected with the gastrointestinal nematode Trichuris muris. All mice 
cleared the worm 35 days post-infection. Levels o f parasite-specific immunoglobulin G in 
the sera of infected individuals was not correlated with heterozygosity at the MHC or with 
particular alleles. Females showed a significant preference for the urine o f  males who were 
sham-infected over those who were infected with the parasite.
Inbred laboratory strains o f mice have been used in many experiments 
investigating resistance to pathogens and mate choice. The near 100% homozygosity and 
unnatural ancestry o f inbred strains may explain why the results in this study which uses 
wild-derived mice whenever possible, differ from previous studies using inbred strains. 
The mean pairwise genetic distance at two MHC alleles was calculated for a natural 
population o f mice and compared to the genetic distances between inbred strains used in 
several studies. Although there was no significant difference in the mean genetic 
differences, pairwise comparisons between some inbred strains were significantly lower 
than the mean o f a natural population, suggesting that their use in parasite and mate choice 
trials may not be representative o f the MHC in the wild.
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C h a p t e r  1
INTRODUCTION
1.1 THE MAJOR HISTOCOMPATIBILITY COMPLEX
The major histocompatibility complex (MHC) is a cluster o f closely linked 
genes that encode molecules involved in antigen processing and 
presentation. MHC genes are highly diverse, allowing MHC molecules 
collectively to bind a vast array of structurally diverse antigenic peptides. 
Unlike immunoglobulins and T-cell receptors, MHC genes are encoded by 
conventional genes that do not undergo rearrangement or other somatic 
processes o f structural change (Parham 2000). Instead, diversity at the 
MHC is inherited. The high level of genetic polymorphism of MHC genes 
has been well documented (Gotze et al. 1980a; Soper et al. 1988), with 
some o f the more diverse genes (such as H2-D and H2-K in mice) having 
between 50 and 100 alleles (Duncan et al. 1979). Nucleotide diversity at 
the MHC is twice the average for the mammalian genome (Garrigan and 
Hedrick 2003).
The majority of the substitutions that make the MHC so diverse are located 
within the region that codes for the antigen binding site. MHC molecules 
present self and foreign antigen to T-cell receptors and natural killer cells. 
Class I molecules are found on all nucleated cells and bind endogenous 
peptides, alerting the immune system to cells that contain peptides that are 
not native to the host, for example, virally encoded proteins (Bjorkman et 
al. 1987; Garboczi et al. 1996). Class II molecules are found only on B- 
lymphocytes, macrophages and other antigen presenting cells, and they
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bind and present exogenous antigens, such as bacterial peptides (Stem et 
al. 1994). The presentation of protein fragments is mediated by a 
specialized groove on the surface o f the MHC molecule encoded by 
approximately 50 amino acids, known as the antigen binding site (Brown 
et al. 1988; Fremont et al. 1992; Zhu et al. 2003). The antigen binding site 
is located in the extracellular portion o f the molecule, the a l  and a l  
domains in class I and a l  and p i domains in class II (Figure 1.1).
K B
Figure 1.1 A. Structure o f a murine MHC class 1 molecule, H2-A2, complexed with p2- 
microglobulin. B. The molecule rotated 90° from the orientation in A. C. The a l  and a2 
domains as viewed from the top of the molecule showing the peptide-binding site. D. 
Carbon- a  atoms o f the a l  and a2 domains with residue numbers. Taken from Bjorkman 
and Parham (1990).
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1.2 SELECTION AT THE MHC
The selection pressures that maintain the high level of diversity at the 
MHC have been exhaustively studied, but not fully elucidated (reviewed 
by Potts and Wakeland 1993; and Apanius et al. 1997a). There is little 
doubt that the ongoing evolutionary battle against pathogens has generated 
polymorphism at MHC loci (Potts and Slev 1995a), however, there has 
also been recent support for the role o f mate choice in the generation and 
maintenance of MHC diversity (Jordan and Bruford 1998). Both natural 
and sexual selection could drive polymorphism through balancing selection 
(Doherty and Zinkemagel 1975; Hedrick and Thomson 1983; Hughes and 
Nei 1988; Hughes and Nei 1989). Balancing selection works to maintain 
genetic polymorphism within a population and contrasts with directional 
selection which favours a single allele. Balancing selection at the MHC is 
characterised by a deficiency in homozygotes (Klein 1986), the 
maintenance o f large numbers of alleles at equal frequencies (Hedrick and 
Thomson 1983; Klein 1986), and a high degree of similarity in alleles 
between species compared to within species comparisons (trans-species 
mode o f polymorphism) (Klein 1980; Figueroa et al. 1988; Mcconnell et 
al. 1988).
1.3 PATHOGEN MEDIATED SELECTION
There are several mechanistic processes that can result in balancing 
selection. The overdominance theory (Doherty and Zinkemagel 1975) 
states that a heterozygote individual is at a selective advantage over either 
homozygote. In the case of natural selection at the MHC, heterozygotes 
express two alleles, giving them the ability to bind a greater repertoire of 
antigens and better protection against infection. This hypothesis has been
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widely documented in the case o f the gene coding for sickle cell anaemia 
(Allison 1964; Aidoo et al. 2002). It is postulated that overdominance is the 
mechanism that maintains the deleterious sickle cell allele within the 
population. More recently, there has been interest on the level of 
heterozygosity at the MHC and the progression through the stages o f the 
viral infection HIV. Carrington et al. (1999) showed that no single human 
leukocyte antigen (HLA, the human MHC) conferred a beneficial effect, 
however individuals that were heterozygous at a large number of HLA loci 
showed a slower progression through the stages of the disease and an 
increased time from the contraction o f the virus to death. Heterozygote 
advantage has also been documented in fish (Arkush et al. 2002; Wegner et 
al. 2003) and rodents (Penn et al. 2002).
An alternative to overdominance is frequency dependent selection, or rare 
allele advantage (Bodmer 1972). This hypothesis requires the co-evolution 
o f host immunity and an endemic pathogen or pathogens. The fitness o f an 
allele is inversely proportional to its frequency within the population; rare 
alleles are at a selective advantage as pathogens have not had time to adapt 
to evade detection by the new MHC antigen. This leads to the rare allele 
increasing in frequency over several generations. However, once the allele 
becomes dominant in the population, its selective advantage is lost and 
pathogen mediated selection reduces its frequency. Thus the frequency o f a 
particular allele would be seen to cycle within a population, preventing it 
from going to fixation or being eliminated. Fitness of MHC alleles could 
also vary due to the frequency and intensity of pathogens within a 
population. The fluctuating selection model describes selection favouring 
different alleles dependent on the temporal and spatial pattern of 
pathogens. Many alleles could be maintained in a changing selective 
landscape.
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1.3 MATE CHOICE
On the molecular level the MHC facilitates the distinction between self and 
non-self in the immune system. Thomas (1975) suggested that the MHC 
may play a similar role on the much larger scale of mate choice; the 
distinction between kin and non-kin. Mate choice is one of the most 
important factors influencing an individual’s lifetime reproductive success. 
This choice can take different forms; the initial choice o f mate; the choice 
of sperm post-copulation, termed cryptic choice; or the differential 
investment in zygotes or offspring (Kempenaers 2007a). In most species it 
is the female that is the choosy sex (Andersson 1994). Studies have shown 
that female mating decisions can be based on: physical characteristics, such 
as size (Reynolds and Gross 1992) and ornamentation (Petrie and Halliday 
1994); behavioural traits (Hale and St Mary 2007); and the quality o f the 
territory held by the potential mate (Leonard and Pieman 1988). These 
characteristics can either indicate direct fitness benefits (for example a 
male in control of a good territory is likely to provide superior parental 
care) or can indicate that the potential mate has “good genes” that are 
likely to be passed to the progeny. In fact the two may be correlated, as 
males that possess good genes are likely to out-compete males with 
substandard genes. Good genes are alleles that increase fitness 
independently of their homologous allele or the rest of the genome (Moller 
and Alatalo 1999; Jennions et al. 2001).
The compatibility theory of mate choice states that females take into 
account their own genotype when choosing a mate (Trivers 1972; Zeh and 
Zeh 1996; Zeh and Zeh 1997). The compatibility theory predicts that 
mating with a male with the most dissimilar genotype to the female’s will 
produce the most heterozygous offspring (Mays and Hill 2004). 
Heterozygosity has been shown to increase fitness independent of the
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presence of any associated good genes (Mitton 1993). Such fitness 
advantages may be due to heterozygosity masking recessive deleterious 
alleles (dominance), or by heterozygote advantage, where the heterozygote 
is fitter than either homozygote (overdominance) (Comings and 
MacMurray 2000). A female mating to promote offspring heterozygosity is 
thus mating to promote offspring fitness. The most compatible male will be 
different for each female, so there is no universal “best” male, which could 
make it difficult to detect this type of mate choice in natural populations.
Female choice for genetic compatibility has been hard to reconcile with 
female choice for good genes (Mays and Hill 2004; Neff and Pitcher
2005). Extravagant male ornamentation can signal good genes that increase 
offspring fitness, notably in the case o f antler size in deer and MHC genes 
(Ditchkoff et al. 2005). However, it has also been shown that females 
choose to mate with MHC dissimilar males to increase offspring 
heterozygosity and thus immunological fitness in their offspring (Potts et 
al. 1991). A choice for the most genetically dissimilar male, in most cases, 
will not be a choice for the most ornamented male. There are few studies 
that aim to resolve this conflict. Colegrave et al. (2002) suggested that in 
mating systems that include multiple matings, females may be making a 
pre-copulatory choice for good genes and post-copulatory mechanisms 
such as sperm competition result in greater offspring production by 
genetically dissimilar males. Roberts and Gosling (2003) showed that 
female mice prefer MHC dissimilar males only when indicators of good 
genes, in this case scent marking rate, are equivalent. This suggests that the 
choice for good genes is a stronger driver of mate choice than genetic 
dissimilarity in this system. Further work needs to be done to try and 
resolve the interactions between mate choice for good genes and that for 
genetic compatibility.
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The compatibility theory of mate choice predicts that animals should avoid 
mating with close relatives (Kimura and Crow 1963). Matings between 
individuals that share a recent common ancestor will increase 
homozygosity in the progeny and can result in lower fitness of offspring 
due to dominance effects, and to some extent, a loss of heterosis 
(Charlesworth and Charlesworth 1999). Such a reduction in the fitness of 
offspring is termed inbreeding depression and has been well categorised in 
model organisms and in field studies (reviewed by Charlesworth and 
Charlesworth 1987; Pusey and Wolf 1996; Hedrick and Kalinowski 2000; 
Lehmann and Perrin 2003). Inbreeding avoidance is one o f the driving 
forces behind the evolution of different mating systems: self 
incompatibility systems in plants (Charlesworth and Awadalla 1998), 
gender dimorphism (Ramsey et al. 2006), polyandry (Stockley et al. 1993), 
and dispersal (Moore and Ali 1984). Many mammals have complex 
behavioural traits that discourage inbreeding. Pusey and W olf (1996) 
mention dispersal, extra-pair matings, reproductive suppression, and 
recognition and avoidance of kin as mates. These traits are often specific to 
the type of social and mating systems, for example in rodents recognition 
and avoidance o f kin as mates is more developed in species that live in 
stable family groups than those that have male biased dispersal (Dewsbury 
1988).
Inbreeding depression has received more attention in the literature than 
outbreeding depression (Pusey and W olf 1996), possibly because it is more 
relevant in the conservation of zoo and natural populations. Consistent with 
this, there have been few studies investigating outbreeding avoidance. 
Outbreeding depression is a loss in fitness o f the offspring o f matings 
between genetically differentiated populations (Dobzhansky 1948). It is 
thought to be a result o f the break up of coadapted gene complexes (Lynch 
1991) or due to a lack o f local adaptation in immigrants to a population
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(Marr et al. 2002). Bateson (1978) suggested the theory of optimal 
outbreeding, i.e. a level of relatedness between mates that avoids the 
negative fitness consequences o f both inbreeding depression and 
outbreeding depression. Hoogland (1992) found that prairie dogs did not 
mate with their parents, offspring, or full and half-siblings but regularly 
inbreed with more distant kin such as foil and half-cousins. The most 
advantageous level of outcrossing is likely to vary with mating system and 
between species.
1.4 KIN RECOGNITION
For an individual to avoid both inbreeding and outbreeding, they must first 
be able to recognise kin. It is logical to think that animals that are reared in 
family groups would be able to recognise their litter mates (coefficient of 
relatedness, r = 0.5) throughout life. However, they are equally related 
individuals from the same offspring from a different litter. Also, inbreeding 
depression can be manifest in matings between more distant kin (r < 0.25) 
(Keller 1998), and there is evidence that some species can recognise 
unfamiliar kin on first encounter (Greenberg 1979). This suggests that, at 
least in some species, recognition of kin is not based upon familiarity to 
siblings, but has a genetic component. The process of recognition can be 
split into 3 stages: i) production o f a signal, ii) perception o f the signal and 
reference matching to an internal template to determine if the signal is 
favourable or unfavourable, and iii) an action in accordance with the 
information received (Sherman 1997). In this framework, the genetic 
component is the signal and the internal template that it is compared to 
could be a parental allele that was learnt during rearing (Buckle and 
Greenberg 1981; McGregor and Krebs 1982). Alternatively, and 
facilitating the recognition of unfamiliar kin, a self-referent template could
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be used (Dawkins 1982; Mateo and Johnston 2000). In this case, a female 
would be able to determine when a potential mate has the same phenotype 
as herself at a particular marker. As close kin are more likely share alleles 
by descent than non-kin, a female should avoid mating with males that 
match their self-reference allele. It should be noted that avoiding mates that 
share alleles at a marker locus will increase heterozygosity at that marker 
in the progeny. The converse is also true, mating to maximise 
heterozygosity in offspring will tend to preclude mating with close kin as 
they are more likely to share alleles than the rest of the population (Karlin 
and Feldman 1968).
Few genetic markers have been suggested as kin recognition signals used 
for mate choice. Murine major urinary proteins are signals used for 
individual recognition (Cheetham et al. 2007) that may play a role in the 
inbreeding avoidance, and the t-complex in mice has received some 
attention (Williams and Lenington 1993), but by far the most investigated 
candidate is the MHC (Alberts and Ober 1993; Apanius et al. 1997b; 
Arcaro and Eklund 1998; Edwards and Hedrick 1998; Grob et al. 1998; 
Jordan and Bruford 1998; Penn and Potts 1999; Tregenza and Wedell 
2000; Penn 2002; Zelano and Edwards 2002; Ziegler et al. 2005; Milinski
2006).
1.5 MATE CHOICE AND THE MHC
Most studies investigating the role of the MHC in mate choice have used 
inbred house mouse strains (although see Piertney and Oliver 2006 for a 
review of MHC studies in non-model species). It has been shown that 
inbred mice can be trained to distinguish between MHC determined 
urinary odour types (Yamazaki et al. 1979; Yamaguchi et al. 1981; Bard et
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al. 2000) and Penn and Potts (1998b) used habituation-dishabituation tests 
to show that mice could distinguish between MHC congenic strains 
without training. However, these studies only show a preference for an 
odour, or the ability to detect a change in an odour. They do not show that 
mice use MHC based odour cues to make mating choices. The MHC-mate 
choice theory gained support when Yamazaki et al. (1976) showed that 
male mice had MHC determined mating preferences. Of the six inbred 
strains tested, four preferred to mate with females with MHC haplotypes 
different to their own, one preferred to mate with MHC similar females and 
the sixth showed no preference. Further studies showed that cross-fostering 
new bom mice onto a dissimilar strain reversed MHC mating bias 
(Beauchamp et al. 1988; Yamazaki et al. 1988) suggesting that the mice 
were learning the MHC type representing close kin during rearing. In these 
studies, female preference showed less o f a trend, which was unexpected as 
females usually have the stronger preference in a species such as mice 
where they invest more resources in their young (Trivers 1972). Egid 
(1989) and Eklund (1991) also tested female preference for males of 
differing MHC congenic strains and vice versa. They found that females 
preferred dissimilar males and males showed no preference, in contrast to 
previous results. When considering all experiments using inbred strains, 
preferences seem to vary between sexes and between strains and no firm 
conclusion can be drawn beyond the fact that mice are able to distinguish 
MHC determined odour cues. These ambiguous results may reflect the use 
of inbred strains which have been forced to mate with genetically identical 
mates for thousands of generations, resulting in unnatural behavioural 
patterns (Van Oortmeerssen 1971) and presumably, mating choices 
(Levine et al. 1966).
Potts has carried out a number of mate choice trials in large pens using 
semi-wild mice to try and overcome the problems associated with using
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inbred strains (Potts et al. 1991; Potts et al. 1992; Potts et al. 1994). Mice 
were derived from wild populations but were bred to carry one o f four 
MHC haplotypes from inbred strains. Nine experimental populations were 
set up and mice were allowed to breed freely until —150 offspring were 
bom. The progeny were typed at the MHC and the observed number of 
homozygotes compared to the expected number predicted by random 
mating. They attributed a significant homozygous deficiency of 27% to 
MHC disassortative matings. Unlike previous work, Potts’ study 
demonstrates evidence of mate choice rather than odour preference. 
However, what genetic cue these choices are based upon is not established. 
In Potts’ breeding design, as in natural populations, MHC is correlated 
with the rest o f the genome. Animals that share MHC haplotypes are likely 
to share many other alleles across the genome. Thus the deficit in MHC 
homozygotes seen may be attributable to the avoidance o f a correlated 
gene. The mice used in the study were F3 - F6 progeny from a cross 
between wild mice and four inbred strains. In six of the nine populations 
the genomes of mice homozygous for the MHC were 50% wild derived 
and 50% derived from a single inbred strain, whereas the genomes of mice 
heterozygous at the MHC were 50% wild, 25% one inbred strain and 25% 
a second inbred strain. If females were making their mating decisions 
based on genome wide cues of heterozygosity they would tend to mate 
with males that had genetic contributions from three sources, i.e. those that 
were heterozygous at the MHC, leading to the MHC homozygous 
deficiency seen, but for different reasons than those suggested. Care needs 
to be taken in the design and interpretation of experiments to disentangle 
the effects o f MHC heterozygosity and genome wide heterozygosity.
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1.6 MAJOR URINARY PROTEINS
Major urinary proteins (MUPs) are an alternative genetic marker involved 
in kin recognition. MUP genes have much in common with the MHC. 
They are both highly polymorphic gene clusters (Cavaggioni and 
Mucignat-Caretta 2000; Beynon et al. 2002), and both gene products bind 
small molecules, the repertoire of which is dependent on the set of alleles 
expressed as amino acid substitutions in their binding sites influence the 
range o f peptides bound. Whereas MHC molecules bind immunologically 
informative antigen, MUPs bind semiochemically informative ligands 
(Marie et al. 2001; Sharrow et al. 2002) and their only known role is in 
scent communication. MUPs have been shown to play a role in self/non- 
self recognition (Hurst et al. 2001), individual recognition (Cheetham et al.
2007) and the recent discoveries that male MUPs can prime ovulation 
(More 2006) and are up-regulated in females at the beginning of oestrus 
(Stopka et al. 2007) suggest that they play a central role in murine 
reproduction.
1.7 INBRED STRAINS OF MICE
Inbred mice, rats and other rodents make up 83% of the animals used in 
experimental procedures in Britain (Statistics o f Scientific Procedures on 
Living Animals, Great Britain 2006). Inbred strains of mice are one o f the 
most widely used model organisms in animal studies. Atchley and Fitch 
(1991) provide a history o f the generation and genealogy of all common 
inbred strains. Mouse laboratory strains are known to have mixtures of 
ancestral genomes from different Mus musculus sub-species (Yoshiki and 
Moriwaki 2006), the main contributors being M. musculus musculus, M. 
musculus domesticus, and M. musculus castaneus. This would suggest
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genetic diversity between inbred strains above that found in a natural 
population. However, most inbred lines are derived from a small number of 
founder animals, in fact phylogenetic analysis of mitochondrial DNA from 
inbred strains suggests that all common strains descend from a single Mus 
musculus domesticus female (Dai et al. 2005; Goios et al. 2007). Also, 
characterisation o f MUP phenotypes o f inbred strains revealed only two 
different expression patterns (one associated with mice derived from the 
same lineage as Balb/c, the other from the C57BL/6 lineage) (Robertson et 
al. 1996). Thus, although laboratory mice were bred from several different 
sub-species and there has been some addition o f new genetic material and 
some mixing of existing strains, at least some regions o f the genome are 
likely to be monomorphic between strains, as well as within strains. A 
more recent study comparing whole genomes of inbred strains describes a 
mosaic structure, with areas of low diversity where the strains show recent 
common origin, and areas of high diversity where ancestry can be traced 
back to the subspecies that generated inbred strains (Wade et al. 2002).
The generations o f inbreeding used to create inbred lines means that it is 
not only the near 100% homozygosity that is distinctive of these animals. 
Phenotypic traits have been shown to vary widely between strain (Figure 
1.2), as have behavioural traits (Van Oortmeerssen 1971), and they 
certainly do not reflect behaviour o f wild mice.
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Figure 1.2 Four different inbred strains of mice; showing phenotypic diversity in their coat 
colours. Taken from Callaway (2007).
The suitability o f inbred strains for investigations into MHC determined 
recognition of pathogens must be questioned. Even more importantly, the 
use of mice that have been forcibly inbred for hundreds o f generations in 
mate choice trails may not be valid.
1.8 AIMS
The work described in this thesis explores the evidence for balancing 
selection at the MHC, and the pressures maintaining that selection, in a 
natural population of house mice (Mus musculus domesticus). This is 
achieved through a number of studies;
1.8.1 Chapter 2
To assess the influence of the MHC on parasite resistance and thus the 
influence of parasites on selection at the MHC, wild mice o f known MHC 
genotypes were infected with the parasitic gastrointestional nematode 
Trichuris muris. Their immune response was measured by determining
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worms burdens 35 days post-infection and by quantifying levels of 
parasite-specific immunoglobulin G in the serum. To test the role of health 
status and susceptibility to pathogenic infection on sexual selection, female 
preference for uninfected males was tested in scent choice trials using urine 
collected from infected and sham-infected males. Scent choice trials were 
also used to test female preference for MHC heterozygous males.
1.8.2 Chapter 3
The role of MHC in the avoidance of inbreeding was tested using a large 
mate choice experiment. Wild-derived mice were allowed to mate freely in 
semi-natural enclosures. Parentage o f offspring was determined to allow 
the effects of MHC and MUP on the avoidance of full-sibling matings to 
be observed. The reproductive success of males with differing levels of 
heterozygosity at MHC, MUP and background genes was tested in a 
second study. The more controlled set-up o f this experiment allowed the 
effects of heterozygosity on reproductive success to be tested in the 
absence of other factors that affect mate choice such as dominance 
relationships and territorial status.
1.8.3 Chapter 4
Evidence of balancing selection at the MHC was tested for using a single 
population of wild house mice (M musculus domesticus). MHC-linked 
markers allowed allelic frequencies to be determined and Watterson’s test 
was used to investigate deviation from neutrality. Twelve genome-wide 
markers provided a control for recent demographic effects within the 
population. A class I gene (H2-K1) and a class II gene (H2-Ab) were 
sequenced for the same population. Rates of synonymous and 
nonsynonymous substitution were compared, and Tajima’s D test statistic 
was used to further examine deviations from neutrality and evidence for 
balancing selection.
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1.8.4 Chapter 5
The mean pairwise genetic distance between MHC alleles in a natural 
population of house mice was calculated. This was then compared to the 
genetic distances between the inbred strains of mice used in a number of 
studies, and the mean distances between MHC alleles in the enclosure 
study in Chapter 3. These comparisons allowed conclusions to be drawn 
regarding the validity of using laboratory mice in studies investigating 
parasite resistance and mate choice.
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C h a p t e r  2
MHC DIVERSITY, RESISTANCE TO TRICHURIS 
MURIS, AND FEMALE ODOUR PREFERENCE
2.1 INTRODUCTION
Parasite driven balancing selection is one of the hypothesised mechanisms 
maintaining high levels o f allelic diversity at the MHC (Apanius et al. 
1997a; Edwards and Hedrick 1998; Hughes and Yeager 1998; Meyer and 
Thomson 2001; Penn 2002). This type o f selection can act through rare 
allele advantage, or heterozygote advantage. Heterozygosity at the MHC 
has been linked to disease resistance in several studies. Wegner (2003) 
showed that stickleback MHC (and not genome wide) heterozygosity could 
be linked with infection levels in the wild. MHC heterozygous Chinook 
salmon demonstrate a lower infection rate when challenged with multiple 
parasites (Arkush et al. 2002), as do mice (Penn et al. 2002), and patients 
infected with HIV show a slower progression to AIDS if they are 
heterozygous at the MHC (Carrington et al. 1999). MHC molecules bind 
foreign antigens and present them to cells o f the immune system, activating 
an immune response. Small changes in the binding site o f an MHC 
molecule can vastly change the pool o f antigen that can be bound 
(Nathenson et al. 1986). Individuals heterozygous for a particular MHC 
gene can thus bind a greater range o f antigenic peptides than homozygous 
individuals making them more able to recognise and mount an immune 
response against parasites. A heterozygote having a fitness advantage over
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either homozygote is known as the overdominance theory of balancing 
selection.
MHC-based mate choice is another mechanism that could contribute to the 
maintenance of high levels of MHC diversity in natural populations (Potts 
and Wakeland 1993; Brown 1998; Penn 2002; Roberts et al. 2005). MHC 
disassortative mating (Penn and Potts 1999) facilitates the avoidance o f 
inbreeding, as animals are more likely to share alleles with close kin than 
unrelated individuals. Females mating with individuals with MHC types 
different to their own would produce offspring with higher levels of MHC 
and genome wide heterozygosity, with potentially better immuno­
compétence and overall fitness. Conversely, females may be using MHC 
heterozygosity as a genetic reporter of genome wide heterozygosity. Thus 
mating with an MHC heterozygous male would mean mating with a male 
possessing fitness benefits associated with genome wide heterozygosity 
(Mitton 1993; David 1998; Hansson and Westerberg 2002). The difference 
between mating to avoid inbreeding and increase offspring heterozygosity, 
and mating with the most heterozygous male is further discussed in chapter 
3. In this study I assess female preference for males heterozygous at the 
MHC to detect use of the MHC as a marker of genome-wide 
heterozygosity and associated fitness.
The avoidance o f parasitised males is another component of female mate 
choice that should result in offspring having better immune genes 
(Hamilton and Zuk 1982; Zuk 1992; Ehman and Scott 2002). A direct 
benefit of avoiding contact with infected cohorts is a reduced risk of 
getting infected, but avoiding mating with males who are susceptible to 
disease also reduces the risk o f passing on genes associated with 
susceptibility to offspring. It is unclear whether females choose not to mate 
with infected males because they are infected per se, or because they
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recognise poor quality immune genes in males that are susceptible to 
parasites (see Penn and Potts 1998a for a review o f studies).
The whipworm parasite o f mice, Trichuris muris, has been used as a model 
system for gastointestinal nematode o f infections in humans (see Bancroft 
et al. 2001; Cliffe and Grencis 2004; Hayes et al. 2004 for reviews). As a 
result T. muris infections have been well characterised in laboratory strains 
o f mice. Resistance to the parasite has been shown to have a MHC 
determined component (Else and Wakelin 1988), making it a possible 
driver o f MHC polymorphism in the wild and an appropriate parasite for 
use in studies investigating the effects o f different MHC haplotypes. The 
ability o f a host to expel T. muris can be measured by the worm burden 35 
days post infection and the level o f parasite specific immunoglobulin G 
(IgG) in the serum. The level of IgG production has been shown to 
influence the speed of clearance o f T. muris (Else and Grencis 1991; 
Koyama et al. 1999) and when transferred to normally susceptible strains 
IgG alone can confer resistance (Else et al. 1990b).
Mating decisions can be influenced by many conflicting factors and can be 
hard to measure in field and laboratory situations alike (Wagner 1998). In 
rodents, the olfactory system plays a major role in social and mating 
behaviour (Wyatt 2003). Male mice have volatile compounds in their urine 
which can signal sex and social status (Lin et al. 2005). Mice are able to 
distinguish MHC determined odour cues in urine (Yamazaki et al. 1979; 
Yamaguchi et al. 1981; Penn and Potts 1998b; Bard et al. 2000; Zufall and 
Leinders-Zufall 2007) and can discriminate between the cues of uninfected 
individuals and individuals infected with the intestinal nematode 
Heligmosomoides polygyrus (Kavaliers and Colwell 1995b; Kavaliers and 
Colwell 1995a; Kavaliers et al. 1998; Ehman and Scott 2002; Kavaliers et 
al. 2003; Kavaliers et al. 2005); the protozoan Eimeria vermiformis 
(Kavaliers and Colwell 1993); and mouse mammary tumour virus
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(Yamazaki et al. 2002). Male urine can be used in trials testing female 
preference for infection status and MHC type independent of other factors 
that may influence female behaviour in trials that allow direct contact. 
Visual cues such as size and general condition are likely to affect female 
mating decisions, so using odour alone removes these confounding 
variables.
2.2 AIMS
This study investigated the susceptibility of wild Mus musculus domesticus 
to the parasitic gastrointestinal nematode Trichuris muris. The immune 
response to the parasite was measured by quantifying the levels of 
immunoglobulin G in the serum and determining worm burdens 35 days 
post infection. Immune responses between MHC homozygotes and MHC 
heterozygotes, as well as between specific MHC genotypes were 
compared. Female preference for uninfected males and MHC heterozygous 
males was tested in scent choice trials using urine collected from infected 
and sham-infected males.
2.3 MATERIALS AND METHODS
2.3.1 Infected males
Subjects were captive bred adult male Mus musculus domesticus from a 
laboratory maintained colony derived from wild ancestors captured from 
five different populations in the northwest o f England, UK. To obtain 
MHC homozygous individuals we had to use a degree of inbreeding in our 
breeding design. The sires and dams used to breed subject males had 
previously been used in a large outdoor enclosure experiment (chapter 3).
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They were either paternal half-siblings or full-siblings and were typed at 
microsatellite markers within and surrounding the MHC. Breeding pairs 
were set up to generate offspring with three MHC homozygous types and 
two MHC heterozygous types (termed gg, hh, jj, gh and gj). Sixty-nine 
males from 12 family groups were used. Males were singly housed in M3 
cages (40 x 11.5 x 12.5 cm, North Kent Plastics, UK) from 8 -10  weeks 
post partum and were infected when 11-19  weeks old. Genetic samples (1 
- 2 mm removed from the tip of the tail under general anaesthesia 
(halothane)) were taken from all males and were typed using MHC linked 
microsatellite markers.
2.3.2 MHC genotyping
I extracted DNA from tail snips using mouse-tail extraction kits (Promega 
Wizard SV Genomic DNA Purification System). As the MHC haplotypes 
had previously been characterised using a suite of microsatellite markers 
within the region (see 3.3.1.2 MHC and MUP genotyping, for details), only 
two markers were required to distinguish between the three different 
haplotypes (Appendix Table 3.2). PCR amplifications were conducted in 
10 pi reactions containing lOng of DNA, 0.5pM of each primer and 5.0pl 
o f 2X BioMix Red reaction mix (Bioline, London, UK). Plates were 
incubated in a thermal cycler (Peltier) at 95°C for 2 min, followed by 30 
cycles o f 95°C for 30s, 52°C-58°C (depending on primer) for 2 min, then 
72°C for 30s, with a final extension at 72°C for 10 min. The PCR reactions 
were then diluted 50- to 100- fold, multiplexed and 1 pi o f the mix was 
added to 8.8 pi o f formamide and 0.2pl GeneScan LIZ500 size standard 
(Applied Biosystems). Fragment size was determined with an ABI PRISM 
3100 DNA analyzer (Applied Biosystems) and GeneMapper v3.0 software 
designed for microsatellite analysis (Applied Biosystems).
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2.3.3 Trichuris mûris infection
Infectious T. muris eggs were obtained from Dr Kathryn Else (University 
o f Manchester). Stock infections were maintained in female nude (nu/nu) 
mice (Harlan-Olac, UK). Mice were culled between day 35 and day 45 
post infection and their digestive tracts removed by dissection. Live adult 
worms were removed from the caecae and colon with fine forceps. Worms 
were cultured in Petri dishes for 4 hours and overnight in 10 ml RPMI 
1640 (Gibco) with 500 gg/ml penicillin and 500 gg/ml streptomycin 
(Invitrogen) at 37°C. Eggs were separated from the 4 hour and overnight 
supernatants by centrifuging at 2000 rpm for 10 minutes. Eggs were re­
suspended in ultra pure water in 1.5 ml Eppendorf tubes and left in the dark 
for 6 weeks at room temperature to allow the eggs to embryonate.
When needed for infection, eggs were centrifuged at 2000 rpm for 10 
minutes then re-suspended in ultra pure water. The egg suspension was 
mixed using a whirlimixer and then the number of embryonated eggs in a 
50 (al aliquot counted under x40 magnification. The volume o f the egg 
suspension was adjusted to give 100 infective eggs per 100 gl. Male mice 
were infected by oral gavage with 100 gl o f the egg suspension, using a 
blunt-tip needle. O f the 69 mice, 39 were infected with T. muris and 30 
were given sham infections with pure water. MHC types were taken into 
account to ensure there were both infected and uninfected males o f every 
possible genotype. Mice were monitored at regular intervals during the 
infection period but all were asymptomatic. Urine was collected from all 
males at day 30 post infection (± 1 day) for use in odour preference trials 
(section 2.3.5) by holding the individual by the scruff o f the neck over a 
clean 1.5 ml Eppendorf tube. Urine was stored at -18°C until use.
Thirty five days post infection mice were culled. Blood was collected by 
cardiac puncture and centrifuged at 14000 rpm for 10 minutes to separate
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the serum supernatant. Worm burdens were assessed using the method 
described by Else and Wakelin (1990). At autopsy, the caecum and colon 
were removed and slit open in a petri dish of water. Gut contents were 
shaken away from the gut tissue and the mucosa inspected for the presence 
o f second, third and fourth larval stages and adult worms.
2.3.4 Serum IgG measurements
The parasite-specific sera IgGl levels o f infected mice were quantified 
using ELISAs. Samples o f 11 uninfected mice were also tested to assess 
the background level o f IgG in mice not mounting an immune response. 
96-well plates (Greiner Bio-One, UK) were coated in 100 pi of carbonate 
bicarbonate buffer with 5 pg/ml parasitic adult worm antigen, obtained by 
homogenising male and female worms in phosphate buffered saline (PBS), 
and left overnight at 4°C. Plates were washed with PBS, and then blocked 
with PBS containing 0.5% bovine serum albumin and 0.05% Tween-20 for 
1 hour at room temperature. After washing, sera samples were added in a 
doubling dilution in PBS Tween-20 of 1 : 8 to 1 : 1012 and incubated at 
room temperature for 2 hours. After washing, the detection antibody (IgGl 
goat anti-mouse horse radish peroxidase conjugate, Autogen Bioclear, UK) 
was added at a concentration o f 3 pg/ml and incubated at room temperature 
for 2 hours. After washing, o-Phenylenediamine dihydrochloride (Sigma- 
Aldrich, Sigma, St Louis, MO, USA) at 0.4 mg/ml in phosphate citrate 
buffer with 0.004% hydrogen peroxide was used as the substrate for the 
detection of peroxidase activity. Plates were incubated for 10 minutes in 
the dark before stopping the reaction with 3M sulphuric acid. Optical 
density (OD) was read at 490 nm using a microtiter plate reader. OD 
values were compared to standard curves generated in each plate using 
purified subclass specific IgGl protein (AbD Serotec, UK) instead of 
parasitic antigen, and coating goat anti-mouse polyclonal IgGl antibody
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(Autogen Bioclear, UK) at doubling dilutions from 0.3125 pg/ml to 
0.00244 pg/ml instead o f sera samples.
2.3.5 Odour preference
Subjects were captive bred adult female Mus musculus domesticus from 
the same laboratory maintained colony as the males, but were always from 
separate breeding lines and thus were not closely related. At weaning 
females were transferred in single-sex family groups in MB1 cages (40 x
23.5 x 12.5 cm, North Kent Plastics, UK) maintained at 19 - 23 °C, relative 
humidity 50 - 60%, under reverse 12:12 light cycle with the lights off at 
0900. Mice had Com Cob Absorb 10/14 substrate with paper wool nest 
material and ad libitum access to water and food (Lab Diet 5002 Certified 
Rodent Diet, Purina Mills, St. Louis, MO, USA). Cardboard tubes were 
provided periodically for additional environmental enrichment. All tests 
were carried out during the first 6  hours of the dark phase under dim red 
light.
Twelve females (at least 16 weeks old: age range 16-76  weeks) took part 
in four different trial types, each no less than 10 days apart. Soiled nest 
material and substrate from unfamiliar males was placed in the female’s 
home cage three days prior to the preference test to induce oestrus during 
the trial (Marsden and Bronson 1964; Cheetham et al. 2007). To prevent 
bias due to the recognition of familiar odours during the trials we ensured 
the urine used to prime the females was from males unrelated to the test 
subjects by using bedding and nesting material from a mixture of males 
from different inbred strains (C57BL/6, BALB/c and FI crosses of the 
two). Placing soiled bedding material in the females’ cages ensures they 
have contact with urinary volatiles and the non-volatile fraction o f the 
urine. The vomeronasal organ has been shown to play an important role in 
priming female attraction (Moncho-Bogani et al. 2004; Moncho-Bogani et
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al. 2005; Keller et al. 2006; Pankevich et al. 2006; Martel and Baum 2007; 
Yoshikage et al. 2007; Lanuza et al. 2008; Ramm 2008). All trials were 
conducted in the base o f a clean MB1 cage, with a clear Perspex lid. 
Females were transferred into individual test cages and allowed to settle for 
30 min before the start o f the trial. In the first trial female preference for 
male scent over female scent was tested to ensure the females were 
behaving as expected of a sexually mature female. Females were presented 
with male urine (pooled from C57BL/6 males, n > 5) at one end of the cage 
and female urine (pooled from C57BL/6 females, n > 5) at the other end, 
approximately 25cm apart and equidistant from the cage walls. The urine 
was presented as lOpl streaked directly onto the underside of the Perspex 
lid. The position o f male and female urine was randomised, and in both the 
test and subsequent analysis o f behaviour the experimenter was blind to 
each odour source. In the second trial females were presented with urine 
collected from a male on day 30 post infection with T. muris and urine 
from a male that had been sham infected, again in random positions. Urine 
pairs in each trial were matched for both MHC heterozygosity and 
genotype, but over the 12 trials males from all MHC types were used. In 
the third trial females were presented with urine from a MHC homozygous 
male and a MHC heterozygous male. Urine pairs were matched for male 
infection status (n = 6  uninfected, n = 6  infected).
Female’s response to different urine types was remotely recorded to DVD 
for a 10 minute period using a ceiling mounted camera above the Plexiglas 
cage lid. I measured two types o f behaviour which indicate “preference” 
for an odour. Time spent directly investigating the scent by sniffing at the 
cage lid on which the urine was streaked represents the female’s interest in 
gaining further information from the scent. To assess greater attraction to 
one scent compared to another, the scent sources were deliberately located 
away from the side walls, in areas where mice normally spend little time.
25
Thus time spent under or near (defined as the subject’s nose being within a 
5 cm diameter circle) the urine source when not sniffing it reflects an 
attraction to spend time with the scent source. To ensure that the females 
do not naturally spend time in the area where the stimulus is located (due to 
the layout or markings of the cage) I carried out a control trial with all 
subject females using water instead of both stimuli. Time spent in direct or 
indirect contact with the water was recorded to represent female behaviour 
in the absence of a stimulus.
Differences in time spent sniffing urine and time near urine while not 
sniffing were initially analysed using Wilcoxon signed rank tests as the 
duration of female response was not normally distributed. The data from 
the trials testing male infectivity status and MHC heterozygosity were then 
combined in a log ratio test,
, . los(tm 2 -tmi)log ratio = ——---------
tm2-tmi
where tm, = time spent sniffing, or near but not sniffing, the urine o f the 
hypothesised preferred male, i.e., the uninfected or heterozygous male and 
tm2 -  time spent sniffing, or near but not sniffing, the urine of the other 
male. Female subject was coded as a random effect in a mixed model.
2.4 RESULTS
2.4.1 Parasite burden and serum IgG levels
None of the 39 infected males had any adult worms attached to the gut 
mucosa or any evidence o f the presence of larval stages on day 35 post 
infection. The level o f parasite-specific immunoglobulin G in the sera of 
infected and uninfected mice was determined by ELISA. There was a clear
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difference in levels o f IgG in the blood of infected males versus sham- 
infected males (Figure 2.1, comparison of white and hatched bars and 
Table 2.1).
Table 2.1 Mean levels o f immunoglobulin G in the sera of infected and uninfected mice, 
given by MHC genotype (for infected, gg n = 7, hh n = 6, jj n = 6, gh n = 9, gj n = 11; for 
uninfected, gg n = 3, hh n = 1, jj n = 1, gh n = 3, gj n = 3). Standard errors o f the mean are 
included.
MHC
Genotype
Serum IgG (pg/ml) 
Infected Uninfected
gg 2.715 0.136
± 0.450 ±0.014
hh 2.676 0.280
± 0.742 n.a.
jj 3.643 0.196
± 0.643 n.a.
gh 3.297 0.242
±0.521 ±0.151
gj 2.986 0.263
±0.398 ±0.130
The mean parasite-specific immunolglobulin G for all infected individuals 
is significantly higher than that for uninfected individuals (infected IgG = 
3.06 ± 1.44 pg/ml, uninfected IgG = 0.218 ± 0.17 pg/ml; tu = 12.06, p < 
0.001). The elevated level of IgG in the sera of the males infected with T. 
muris indicates that they are making, or have made, an immune response to 
the parasite. This verifies that the infection procedure was successful and 
infective parasitic worms were transferred to the males. Together with the 
complete absence of worms in the guts upon dissection, this confirms that 
the wild mice used in this study make an effective immune response when 
challenged with T. muris and are able to completely expel all worms within 
a 35 day period. The exact time at which the parasites were cleared is not 
apparent from these results, as IgG has been shown to persist for at least 25 
days after the T. muris infection has been cleared (Else et al. 1990b; 
Blackwell and Else 2001; Blackwell and Else 2002). To determine when
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exactly the worms were cleared would involve infecting a greater number 
of animals and dissecting at different time periods during the course of 
infection.
There was no difference between the levels of IgG in the sera of 
homozygous males and heterozygous males for either infected or 
uninfected individuals (Table 2.1, Figure 2.1, for infected t37 = 0.28, p = 
0.782; for uninfected t9 = 0.80, p = 0.452).
Figure 2.1 Trichuris muris specific IgGl detected in serum collected from uninfected 
males (white bars) and infected males (hatched bars) at day 35 post infection. Results are 
mean and S.E. given according to heterozygosity at the MHC.
To further investigate the effects o f single MHC haplotypes on the immune 
response to T. muris I calculated the means of IgG production for each 
genotype for the infected males. I did not include the uninfected males due 
to the small sample sizes and the obvious base-line level of IgG production 
in these animals. There is no difference in the levels of IgG produced by
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males possessing any o f the five different MHC genotypes (Table 2.1 and 
Figure 2.2, general linear model: F2 3 4  = 0.57, p = 0.570).
Figure 2.2 Trichuris muris specific IgGl detected in serum collected from infected males 
at day 35 p.i.. Results are mean and S.E. given according to heterozygosity at the MHC; 
MHC homozygous in the left panel, MHC heterozygotes in the right; and by MHC 
haplotype (for gg n = 7, hh n = 6, jj n = 6, gh n = 9 and gj n = 11).
2.4.2 Odour preference
Trials using water instead of urine samples revealed that females normally 
spend very little time in the area of the cage where the stimuli are located 
(Table 2.2). All three measures used to assess female preference were 
significantly lower when using water rather than urine stimuli (sniff 
duration, F3 ,92 = 5.69, p = 0.001; not sniff duration, F3j92 = 9.47, p < 0.001; 
total time near stimulus, F3>92 = 7.86, p < 0.001), and all were approaching 
zero. This supports the observation that mice do not naturally visit the 
middle part o f the cage where the stimuli are located, and thus any time
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spent near the urine stimuli during trials is likely be due to the investigation 
process or a preference for being close to the urine source.
Table 2.2 Mean time spent near stimuli in the tests and the water control, with standard 
error o f the mean (n = 12). Time periods refer to the first stimuli listed under trial type, i.e., 
time spent with male urine, not female. Given as time spent sniffing, time spent under the 
stimuli but not sniffing and total time spent near the stimuli.
Trial Sniff
duration (s)
Not sniff 
duration (s)
Total time 
near stimuli (s)
Water-water 0.37 1.16 1.53
±0.17 ±0.25 ±0.36
Male-female 3.20 7.78 10.97
±0.59 ±2.52 ±2.77
Uninfected-infected 4.13 11.13 15.25
±0.74 ±1.83 ±2.17
MHC heterozygous- 3.49 12.63 16.12
MHC homozygous ±0.49 ±2.92 ±3.20
Female preference for male over female odour was confirmed before any 
other tests were carried out. Female preference for spending time in direct 
contact with male scent has been shown in previous studies (Moncho- 
Bogani et al. 2002; Moncho-Bogani et al. 2005; Martinez-Ricos et al. 
2007; Ramm 2008) and this test ensured the females were behaving as 
expected and that the test was capable of determining female preferences. 
The duration o f female response was not normally distributed throughout, 
so differences in behaviour to test odours were assessed using Wilcoxon 
signed rank tests for all three test types.
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Figure 2.3 Preference for male (white bars) over female (hatched bars) urine. Response is 
broken down into time spent sniffing the stimulus and time under the stimulus but not 
sniffing the urine (median and 75th percentile, n = 12). P values indicate Wilcoxon 
matched-pair tests.
Females consistently spend more time with male urine than female urine 
(Figure 2.3). Whereas this is not the case when sniffing the stimulus, they 
spend significantly more time with the male urine not investigating the 
odour. This shows that although females in this trial do not spend longer 
investigating the odour o f unfamiliar males, they do prefer to spend longer 
close to the urine stimulus, reflecting a preference for spending time close 
to the odour source.
I tested female preference for urine from uninfected males over urine from 
males infected with Trichuris muris (Figure 2.4). Females preferred 
spending non-investigatory time near the urine o f uninfected males over 
infected males. Interestingly, the difference in the amount of time spent 
near the urine o f uninfected compared to infected males (8 . 0 2  s difference) 
is greater than the difference in time spent near the urine of males
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compared to females (2 . 1 2  s difference) and it is almost as significant a 
difference (p = 0.034 for uninfected-infected, p = 0.008 for male-female) 
Once again there was no significant difference in the time spent sniffing 
the different urine stimuli. This shows that, although females spend an 
equal amount of time gathering information from the urine of uninfected 
and infected males, they subsequently prefer to position themselves in 
close proximity to the urine o f uninfected males rather than the urine of 
infected ones.
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Figure 2.4 Preference for uninfected (white bars) over infected (hatched bars) urine. 
Response is broken down into time spent sniffing the stimulus and time under the stimulus 
but not sniffing the urine (median and 75th percentile, n = 12). P values indicate Wilcoxon 
matched-pair tests.
In the final trial I tested female preference for urine from males that were 
homozygous or heterozygous at the MHC (Figure 2.5). Infection status was 
always matched in these trials and an equal number o f uninfected and 
infected pairs were used. There was no significant difference in either the 
duration of sniffing or time spent near the urine not sniffing. Females did
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not appear to show any MHC determined preference. This may be because 
they are unable to tell the difference between the urine of an MHC 
homozygote and the urine of an MHC heterozygote without the use of 
other cues. Alternatively, it could indicate that they do not have an innate 
attraction to MHC hetero- or homozygosity.
Figure 2.5 Preference for MHC heterozygous (white bars) over MHC homozygous 
(hatched bars) urine. Response is broken down into time spent sniffing the stimulus, time 
under the stimulus but not sniffing the urine and total time under the stimulus (median and 
75th percentile, n = 12). P values indicate Wilcoxon matched-pair tests.
Interestingly, there was no trend in the mean amount of time spent sniffing 
or close to the urine correlated with infectivity status in this trial (ti9 = 0.18, 
p = 0.857). The sample size is small, n = 6  for each infection status, so I 
analysed the time spent investigating the urine o f males infected with 
parasites and time spent investigating the urine of uninfected males across 
all trial types. This also shows no significant difference (t« = 0.55, p = 
0.582). The cue in the urine that reports the infection status o f the male 
should be completely novel to the subject females. Whereas they have been
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housed in the same room as males prior to the trials, thus encountering, 
however indirectly, the airborne urinary volatiles from male mice, they 
have never previously had contact with mice experimentally infected with 
parasites. It would be expected that they should spend longer investigating 
the novel, infection related odour to gain information from this unfamiliar 
scent. That they do not, but still avoid spending time with the urine 
stimulus from infected males, suggests that may be an innate component to 
the avoidance o f infected individuals mediated through scent.
The results of the mixed model using data from the infectivity and 
heterozygosity scent trails combined corroborate the results found in 
individual analyses. Females show a non-significant trend to sniff infected 
urine more than uninfected (log ratio = 0.39, p = 0.07). Females spent 
significantly more non-investigatory time near the urine of uninfected 
males over infected males (log ratio = -1.24, p < 0.01). There was no 
difference in the time spent with urine from heterozygous males compared 
to that spent with urine from homozygous males. The odour trials carried 
out in this study confirm that females prefer to spend time close to the 
urine o f male mice over female mice, and that females have a preference 
for uninfected males over infected males. They fail to find any significant 
preference for MHC heterozygosity over homozygosity.
2.5 DISCUSSION
Previous studies investigating the pathogenicity o f Trichuris muris in 
inbred laboratory strains of mice have resulted in complete expulsion, 
complete susceptibility or a split response, dependent on strain (Wakelin 
1967; Wakelin 1970; Wakelin 1975; Else and Wakelin 1988). 
Susceptibility to T. muris has been linked to both MHC and non-MHC
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genes (Else and Wakelin 1988), with BIO genetic background being a poor 
responder compared to strains with a BALB background, and the H2k 
haplotype being completely susceptible to the parasite independent of 
genetic background. These results suggest that both the initial recognition 
o f pathogenic antigen by the MHC, and the downstream immune processes 
controlled by non-MHC genes are important in the clearance of T. muris. 
Only one previous study has infected wild Mus musculus domesticus with 
T. muris (Behnke and Wakelin 1973). The majority of the infected 
laboratory-bred wild-derived mice (14 out of 15) had no worms present at 
35 days post infection. The results o f this study are consistent with Behnke 
and Wakelin. All mice infected were able to clear the parasite within 35 
days post infection. It appears that possessing a susceptible MHC type and 
susceptible background genes may be a rarity in natural populations and 
that those inbred strains that are able to mount an effective immune 
response are more representative of animals in the wild. The immuno- 
competence of wild mice challenged with a T. muris infection is more 
closely characterised by those inbred strains that expel the parasite over a 
35 day period post infection; those with inbred MHC haplotypes b and q 
(Else et al. 1990a).
As T. muris has a prepatent period o f approximately 6  weeks, an effective, 
acute immune response such as was mounted in this study would not allow 
worms to reach sexual maturity before being expelled from the host. This 
begs the question of how T. muris populations are maintained in the wild. 
Behnke and Wakelin (1973) also investigated the worm burden of T. muris 
in a natural population and found high levels of mice were infected (8 8 %) 
with very low numbers of worms (<20). They concluded that T. muris 
could persist in natural populations only at levels low enough to avoid 
being detected by the immune system.
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The early development of high levels o f IgG production in response to 
infection with T. muris has been shown to be dependent on MHC type and 
correlated with quick clearance of the parasite (Else et al. 1990b). The IgG 
levels of the infected males in this study are all above that seen in sham- 
infected individuals. Despite a relatively large variance in the levels o f IgG 
found in the sera, there seems to be no association between MHC genotype 
and the amount o f IgG produced. Else et al. (1990b) used SDS-PAGE to 
show that there existed a H2-linked control of antibody responses; different 
MHC-congenic strains bound different excretory/secretory (E/S) antigens 
o f T. muris and the recognition of these different antigens correlated with 
the level of IgG produced. If the B-cell-surface immunoglobulins that bind 
parasitic antigen are determined by MHC type as Else’s result suggests, it 
would be plausible to assume that MHC heterozygotes could have B cells 
that bind a greater number of differing antigenic peptides than MHC 
homozygotes, and potentially produce a greater IgG response to the 
parasite. However, there is no increase in IgG production associated with 
MHC heterozygosity in this study. With codominant genes the effect of 
heterozygosity at an allele can be additive, i.e. the heterozygote phenotype 
is half-way between the two homozygous phenotypes or, as with the 
hypothesis suggested for the theory of over-dominance at the MHC, the 
heterozygote can be fitter than either homozygote (heterozygote 
superiority). There is no evidence for either hypothesis in the IgG levels 
seen in this study as all genotypes do equally well at expelling the parasite 
and all produce equivalent levels of IgG. However, this does not mean that 
the theory of heterozygote advantage does not apply to MHC mediated 
resistance to T. muris. It may be that the functional MHC alleles present in 
the three haplotypes tested are all equally good at binding and presenting 
Trichuris antigens to cells of the immune system. Thus no additive or over­
dominant effects would be seen. Alternatively, a non-MHC linked gene 
may have a greater affect on the immune response to T. muris than MHC
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genes. This would mean that once the immune response had been 
activated, the level of response shown would be independent of the MHC.
The limitations o f the current study must be kept in mind when interpreting 
the result. Firstly, all animals cleared the infection regardless of MHC type. 
This means that no real conclusion can be drawn regarding MHC 
heterozygote advantage, or the immuno-competence o f individual MHC 
haplotypes. The use of a parasite with a broader range of infectivity would 
have allowed a comparison of MHC and non-MHC related genes on 
susceptibility. Secondly, the three MHC haplotypes compared in this study 
were chosen due to their abundance in the breeding stock rather than any 
intrinsic properties. If more genetically diverse haplotypes had been used, 
there may have been greater differences in the response to the parasite 
infection. Finally, the theory o f heterozygote superiority could not be tested 
in this experimental set-up. In contrast to heterozygote advantage where 
the heterozygote is always fitter than either homozygote, the theory of 
heterozygote superiority states that the heterozygote is only fitter in certain 
situations e.g., when challenged with multiple parasites, or when exposed 
to high stress environments. The current study used a single parasitic 
infection and the animals had food and water ad libitum.
Studies have shown that females prefer the urine o f males that are not 
infected to those that are infected; in mice using the intestinal nematode 
Heligmosomoides polygyrus, (Kavaliers and Colwell 1995b); and the 
protozoan Eimeria vermiformis (Kavaliers and Colwell 1993); female 
meadow voles discriminated against males infected with the nematode 
Trichinella spiralis (Klein et al. 1999); and female rats preferred the odours 
o f uninfected males over those infected with Hymenolepis diminuita 
(Willis and Poulin 2000). Further studies show female birds and mice 
avoid mating with males that are infected with parasites (Hamilton and Zuk 
1982; Zuk 1992; Ehman and Scott 2002). Females choosing not to mate
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with infected males directly reduce their risk o f being infected and Able 
(1996) showed that when male traits indicate parasite load females will 
choose to mate with males with lower infection levels to that end. Females 
may also be choosing to mate with un-parasitized males to increase the 
likelihood of passing parasite resistance associated genes to their offspring 
(Zuk 1992).
The olfactory pathways involved in the distinction between the odours of 
parasitized and non-parasitized individuals have been investigated; the 
hormone estrogen and the neuropeptides oxytocin and vasopressin have 
been shown to be essential components in the recognition and avoidance o f 
the odour o f parasitized males (Kavaliers et al. 2003; Kavaliers et al. 2004; 
Kavaliers et al. 2005). However the actual cue that conveys information on 
infection status is unknown. Females could be responding negatively to an 
odour cue associated with infection, or an active immune response, that 
males are unable to hide; or they may be responding positively to a signal 
of health, or the ability to resist infection, in the males that are uninfected. 
As in previous studies demonstrating female preference for the odour of 
un-parasitized males (Kavaliers and Colwell 1995a), the male mice in this 
study showed no clinical symptoms of disease, which makes it unlikely 
that females were responding to stress or illness related odour cues. It is 
more probable that females are responding to an odour cue associated with 
infection, or with an active immune response, rather than the general 
condition of the males. The reduction in attractiveness o f males which have 
had immune activation by antigenic challenge alone further suggests that it 
is host generated signs of infection that are being detected by females, 
rather than an odour cue of parasite origin (Klein and Nelson 1999; 
Yamazaki et al. 2002; Zala et al. 2004; Litvinova et al. 2005). Host 
immune responses to parasites can induce changes in production o f MHC 
related volatile and non-volatile odorants (Penn and Potts 1998a). There is
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substantial evidence showing that mice can distinguish MHC differences in 
urinary odour alone (Yamazaki et al. 1976; Yamaguchi et al. 1981; Potts et 
al. 1991; Manning et al. 1992; Potts et al. 1994; Hurst et al. 2001; Beynon 
and Hurst 2003; Brennan 2004; Cheetham et al. 2007), so it is possible that 
parasite induced changes in these odour cues may indicate the infectivity 
status of potential mates.
There has been conflicting evidence about the influence o f MHC 
determined odours on mate choice. MHC biased mate choice has been 
found in a number o f studies using inbred strains of mice (Yamazaki et al. 
1976; Beauchamp et al. 1988; Yamazaki et al. 1988), wild-inbred hybrid 
mice with inbred MHC haplotypes (Potts et al. 1991; Potts et al. 1994), fish 
(Reusch et al. 2001; Milinski et al. 2005) and humans (Wedekind et al. 
1995), but there are numerous studies that find no evidence o f MHC 
determined mating patterns (Hedrick and Black 1997; Paterson and 
Pemberton 1997; Landry et al. 2001; Sauermann et al. 2001; Ekblom et al. 
2004; Westerdahl 2004; Sherborne et al. 2007). The current study uses 
female preference for spending non-investigatory time with an odour to 
represent differential attraction to males. There was no effect o f MHC 
heterozygosity on the time females spent investigating the urine o f males 
or the time they spent near but not investigating it. Females that choose to 
mate with the fittest males gain benefits from the resources he holds and 
could pass increased fitness to her offspring. Individuals that are 
homozygous across the genome have a loss in fitness when compared to 
individuals that are more heterozygous, due to a loss in heterozygote 
advantage and the expression of recessive deleterious mutations (Mitton 
1993; David 1998; Hansson and Westerberg 2002). If females were using 
heterozygosity at the MHC to signify genome-wide heterozygosity (Brown 
1998; Roberts et al. 2005), we would expect the females in this study to 
prefer to spend time with the urine of MHC heterozygous males. It appears
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that female mice do not find MHC heterozygous males more attractive 
than MHC homozygotes based on urinary cues alone. In the wild, MHC 
heterozygosity should correlate with genome-wide heterozygosity which in 
turn is likely to correlate with overall condition and fitness. Thus females 
in the wild may be mating with males that are heterozygous at the MHC 
simply because it is related to other signs o f condition. However the MHC 
may still have an effect on mate choice, as there are different hypothesise 
about its influence.
Disassortative mating at the MHC has been hypothesised as a means of 
avoiding inbreeding (Brown and Eklund 1994), thus females may only 
show an MHC biased preference when they are presented with close kin as 
mates. The females used in this study were not closely related to the males 
and were unlikely to share MHC alleles with them. If the only influence 
that the MHC has on female mate choice was the avoidance of males with 
whom they share alleles, this study would not be capable o f detecting 
evidence of a bias. The MHC as a potential mechanism for the avoidance 
o f inbreeding is further discussed in chapter 3. What the current study 
shows, however, is that while females have no preference for 
heterozygosity or homozygosity at the MHC, they do show a significant 
preference for uninfected over infected males.
This study shows that for wild mice infection status is a stronger driver of 
mate choice than genetic indicators o f either immune system or genome 
wide quality. Females are not using a potentially complex assessment of 
genotype to assess mates, but are simply attracted to males that are healthy 
over than those that are infected with parasites.
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C h a p t e r  3
THE ROLES OF MHC AND MUP IN THE 
AVOIDANCE OF INBREEDING
3.1 INTRODUCTION
Soon after the immunological role o f MHC molecules was discovered, 
Yamazaki et al. (1976) observed an influence o f H2 genes, the murine 
MHC, on mate choice in inbred laboratory strains. When males were 
offered an H2 similar female and an H2 dissimilar female, they showed a 
clear mating preference for the dissimilar female. Yamazaki et al. (1983) 
later showed that male mice could discriminate between very small 
differences in MHC congenic strains; as small as three amino acid changes 
within the class I region. These studies show that mice are able to 
recognise differences in the MHC types o f individuals, and that these 
differences can influence mate choice. However, despite 30 years of 
subsequent study, the exact role o f the MHC in mate choice is still not 
clear (Jordan and Bruford 1998).
MHC influenced mate choice does not seem to be a choice for “good 
genes”, that is, alleles that increase fitness independently o f their 
homologous allele or the rest o f the genome. Instead, most research has 
focused on the degree o f MHC similarity between mates (Grob et al.
1998). There has been evidence o f MHC disassortative matings in many 
species (Yamazaki et al. 1976; Beauchamp et al. 1988; Yamazaki et al. 
1988; Potts et al. 1991; Potts et al. 1994; Wedekind et al. 1995; Reusch et 
al. 2001; Milinski et al. 2005). Choosing to mate with MHC dissimilar
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individuals would have two benefits. Firstly, it would facilitate the 
avoidance o f inbreeding. MHC genes are highly polymorphic and, in a 
natural population, a high degree o f intraspecific MHC sharing is likely to 
indicate a close relationship. Thus the MHC has been suggested as a signal 
of relatedness that is used for kin recognition (Manning et al. 1992; Brown 
and Eklund 1994) and the avoidance o f inbreeding (Penn 2002). Studies 
using inbred strains of mice have shown both male and female preference 
for mates with dissimilar MHC types (Trivers 1972; Yamazaki et al. 1976; 
Beauchamp et al. 1988; Yamazaki et al. 1988; Egid and Brown 1989; 
Eklund et al. 1991), although preference seems to be strain dependent, with 
some strains showing no bias and some preferring MHC similar strains. If 
the MHC were being used as a marker o f close kin and facilitating 
inbreeding avoidance, mice should always avoid mating with MHC 
identical individuals. The strain specific results may reflect unnatural 
behaviour patterns (Van Oortmeerssen 1971) and mating choices 
characteristic of strains that have been experimentally inbred for hundreds 
o f generations (Levine et al. 1966). Secondly, choosing an MHC dissimilar 
mate would promote heterozygosity in offspring. Heterozygosity at the 
MHC provides a greater potential for recognising pathogens. MHC 
molecules possess distinct binding specificities for antigens (Doherty and 
Zinkemagel 1975), thus individuals heterozygous at an MHC locus could 
bind up to twice as many pathogenic antigens than homozygotes. 
Heterozygote advantage, a type o f overdominant selection, is frequently 
cited as a driver for the maintenance of the high levels o f polymorphism at 
the MHC (Hughes and Nei 1988; Hughes and Nei 1989; Hughes and 
Hughes 1995). Thus mating to produce MHC heterozygous offspring is 
likely to produce offspring that have high levels of heterozygosity across 
the rest of the genome. Genome-wide heterozygosity confers fitness 
benefits due to heterozygote advantage and the lack of expression of 
recessive deleterious mutations that can be a consequence of inbreeding
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and excessive homozygosity (Mitton 1993; David 1998; Hansson and 
Westerberg 2002).
This chapter addresses the issues surrounding both the use o f the MHC as a 
marker of relatedness, and the fitness benefits associated with MHC and 
genome-wide heterozygosity. We use wild-derived Mus muscuius 
domesticus in two separate studies observing different aspects o f potential 
MHC influence on mate choice.
The first study builds on the work o f Potts et al. (1991; 1994), who used 
crosses between wild caught mice and inbred strains to generate 
individuals with MHC haplotypes from one of four inbred strains, while 
the rest o f the genome was half wild and half derived from classical inbred 
strains. These animals were then further crossed to generate MHC 
heterozygotes. Replicate populations of MHC homozygotes and 
heterozygotes (F2 - F6 ) were released into large semi-natural enclosures 
and allowed to breed undisturbed until the pups were near weaning age 
when all offspring were trapped and genotyped. The numbers of MHC 
homozygote offspring produced in the enclosures were significantly less 
than expected from random mating. Although Potts et al. (1991; 1994) 
demonstrate actual mating bias (unlike many previous studies that simply 
show preference for an odour) there are still several problems with 
extrapolating their result to behaviour in natural populations. The mice in 
the study still have 50% of their genome derived from inbred strains, which 
could alter their behaviour from that of completely wild mice. The 
enclosures used were quite open to allow observational data to be recorded 
during the trials. This is very unlike normal wild mice habitats, as they tend 
to settle in areas providing shelter from predators and from other mice 
during conflicts. Not providing proper shelter may have prevented the 
formation o f dominance relationships between the males, which could 
influence male reproductive success. Finally and most importantly, the
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MHC haplotypes in this study were correlated with the rest o f the genome. 
Potts et al. do not control genome-wide relatedness or determine parentage, 
thus parental similarity across the genome or at non-MHC marker loci 
could not be verified and may have influenced mating behaviour.
The MHC has been suggested as a murine signal of relatedness because o f 
its polymorphic nature (Trowsdale 1993) and MHC related odour cues can 
be differentiated in urine alone (Yamazaki et al. 1979; Yamaguchi et al. 
1981; Yamazaki et al. 1983; Yamazaki et al. 1994; Yamazaki et al. 1998; 
Carroll et al. 2002; Penn 2002; Brennan and Kendrick 2006; Slev et al. 
2006). In this study we investigate the role on mate choice of another 
highly polymorphic and odour influencing group o f genes. Major urinary 
proteins (MUPs) comprise over 99% of the protein component of mouse 
urine (Hurst and Beynon 2004). Similar to MHC molecules binding 
pathogenic antigen, MUPs have a binding groove that binds lipophilic 
molecules, such as male signalling volatiles. These volatiles persist in the 
environment for a longer period when bound to a MUP molecule than 
when unbound (Robertson et al. 1993). Chamero et al. (2007) showed that 
mice can directly detect major urinary proteins, not bound ligand, through 
receptors in the vomeronasal organ. Thus MUPs themselves can act as 
informative scent cues. Like the MHC, MUPs have been suggested as 
odour cues mediating individual recognition (Hurst et al. 2001; Brennan 
2004; Cheetham et al. 2007).
In the first study we investigated the roles of MHC and MUP in the 
avoidance of mating with close kin. We used four replicate semi-natural 
enclosures, over five times the size o f those used by Potts et al. (1991; 
1994), and with natural vegetative cover to provide mice with adequate 
shelter. We used wild-derived mice that were bred in captivity from the 
ancestors of mice caught from five different locations across the northwest 
o f England. We typed all founders and offspring at the MHC and MUP and
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used a suite of genome-wide microsatellite markers to determine parentage 
so individual matings could be determined.
3.2 AIMS
We investigated the roles o f MHC and MUP in the avoidance of 
inbreeding and the reproductive success o f Mus musculus domesticus. The 
first experiment used a natural set-up similar to a previous study looking at 
mate choice and the MHC (Potts et al. 1991; Potts et al. 1994). Uniquely, 
we used wild-derived mice in our enclosure study and allowed them to 
breed freely in semi-natural enclosures. We tested for a deficit in matings 
between animals that share MHC and/or MUP haplotypes. Our breeding 
design meant that background relatedness was controlled for and we were 
able to test the effects o f MHC and MUP without genetic matching at areas 
of the genome not closely linked to MHC and MUP confounding results 
(Sherborne et al. 2007 in appendix).
The second experiment allowed wild female mice to mate with pairs of 
male laboratory mice that were: i) homozygous or heterozygous at MHC, 
with MUP and background heterozygosity controlled, ii) homozygous or 
heterozygous at MUP, with MHC and background heterozygosity 
controlled, and iii) heterozygous at both MHC and MUP, but with differing 
levels of background heterozygosity. This design allowed the effects of 
MHC, MUP and genome-wide heterozygosity to be separated from each 
other. Assessing the number of offspring sired by heterozygous males in 
each o f the three trials allowed us to determine whether heterozygosity at 
MHC, MUP or background genes influenced male reproductive success.
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3.3 Enclosure Study
3.3.1 METHODS
3.3.1.1 Animals
All animals used to breed founders for release into the enclosures were the 
outbred FI - F3 offspring of wild Mus musculus domesticus caught from 5 
different locations across the northwest o f England. The breeding plan was 
designed to imitate a natural population in which a dominant male sires the 
majority of the offspring in a single generation resulting in a local 
population of full-sib or paternal half-sib mice. As inbreeding levels must 
reach a certain threshold before avoidance behaviour becomes apparent 
(Kokko and Ots 2006), mating patterns at levels o f relatedness lower than 
full-sib (r = 0.50) may reflect factors other than inbreeding avoidance. Our 
breeding design ensures that mice would benefit from using inbreeding 
avoidance mechanisms when choosing mates.
For each of the four enclosures a single male was mated with two sets of 
three unrelated females (each for 14 days) in breeding cages (40 x 23.5 x
12.5 cm, North Kent Plastics, UK). For each of the four populations, three 
to five females produced offspring sired by the same male (appendix table 
4). Females were housed singly prior to parturition (cages 40 x 23.5 x 12.5 
cm) so that full-sib founders were familiar from birth but half sibs were 
only encountered after release into the enclosures when all mice were in 
adulthood. Offspring were separated into single sex and sibship groups at 
weaning (4 weeks) and released into the enclosures at 48 - 65 days old. 
Before release, all founders were given subcutaneous radio frequency 
identification (RFID) tags for individual identification. Genetic samples (1 
- 2  mm removed from the tip o f the tail under general anaesthesia
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(halothane)) were taken from the founders and their parents to allow 
determination o f the MHC and MUP haplotypes o f each of the founders 
and, later to reconstruct the parentage of the offspring captured from the 
enclosures.
3.3.1.2 Population Enclosures
The founders were released into four adjacent outdoor enclosures (25 x 10 
m) designed to closely mimic a natural habitat for house mice (figure 3 .1 ).
Figure 3.1. Photo o f a single enclosure showing the grass covering, concrete shelters and 
food and water stations.
Sheet-aluzinc walls prevented escape or contact between populations (1.3 
m high walls with concrete foundations to prevent climbing or burrowing). 
Wire mesh upper walls and roof prevented predation. The large size o f the 
enclosures ensured that all founders had ample room and resources to 
establish territories. Cover was provided by a natural long grass and 30 
nest boxes spread throughout the enclosure, although mice appeared to nest 
mainly in the grass. Twelve weeks after release, during a period o f heavy 
rain, ten concrete shelters (45 x 45 x 35 cm) were added to provide extra 
shelter. Ten food and water stations were spread throughout each enclosure
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providing mice with food (Lab Diet 5002 Certified rodent diet) and water 
ad libitum.
Mice were allowed to breed undisturbed for 15 weeks before a 4 week 
trapping period began. Sex, weight and age class (juvenile, subadult, adult) 
were recorded for all captures. Urine samples were obtained for further 
studies on MUP phenotyping. Founder mice were identified from their 
RFID tags and housed in captivity for use in further studies. All founders 
were recaptured, proving they were all available as possible mates 
throughout the study. Non-founders were culled humanely under halothane 
anaesthetic and tail snips were taken for genotyping. Blood and gut 
samples were also taken for other studies.
3.3.1.3 MHC and MUP genotyping
All MHC and MUP genotyping was carried out by Francine Jury and the 
CIGMR group at the University of Manchester. The MHC and MUP 
haplotypes o f the founders for each population were established by using 
eight microsatellite markers across the MHC region on chromosome 17 
and eight microsatellite markers surrounding the MUP region on 
chromosome 4. The patterns o f alleles expressed in the founders were 
compared to their parents to identify linked alleles in the same haplotype 
and any crossover events. DNA was extracted from a 1 -  5 mm tail snip 
with mouse-tail extraction kits (Tepnel life sciences). Twelve markers were 
originally selected for the MHC region (chromosome 17) with the 
ENSEMBL mouse genome database (Hubbard et al. 2007). Three markers 
were deemed outside the MHC region (confirmed by crossover events in 
test samples) and were removed from the analysis. Three other markers 
were excluded from analysis because o f amplification problems. Eleven 
markers were identified in the putative MUP 4 locus (chromosome 4). 
Three of the markers failed to amplify or were found to be monomorphic in
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wild mice and were removed from the data set. The 14 chosen loci ( 6  
MHC and 8  MUP) are listed in appendix tables 1 and 2 (labelled ‘enc’ for 
enclosure study). The primer sets were designed so that markers would fall 
into one of three size groups with nonoverlapping allele lengths with the 
forward primer in each group 5’-end-labeled with a fluorescent 
phosphoramidite (6 -FAM, HEX, or NED). The loci were organized into 
four multiplex loading groups, containing mixed loci from both the MHC 
and MUP regions. PCR amplification reactions were performed in a final 
10 ml volume containing 10 ng o f DNA, 0.1 mM of each primer, 0.2 mM 
of each dNTP, 0.05 units o f Taq DNA polymerase (Hotstar Taq,
QIAGEN), and 2.5mM MgCl2 in the supplied reaction buffer. PCR 
amplification was performed on a thermal cycler (GRI) with a touchdown 
PCR program at one cycle of 95°C for 15 min to activate the Taq 
polymerase and then 94°C for 20 s, 30 s at 6 6 °C, -0.5°C per cycle for 14 
cycles, and then 60°C for 20 cycles and 72°C for 30 s, followed by 72°C 
for 10 min. For each individual sample, PCR products from each multiplex 
group were diluted 1 ml for 6 -FAM-labeled products and 2 ml for the other 
labelled products into 200 ml ddH20. The multiplexed mixture (1.2 ml) 
was combined with 5 ml deionised formamide and 0.1 ml internal lane 
standard (ROX400, Applied Biosystems). Samples were electrophoresed 
on a 3100 Genetic Analyzer capillary electrophoresis system with a 22 cm 
array (Applied Biosystems). The fluorescence emission for each dye was 
collected and analyzed for size variation with the Applied Biosystems 
GENESCAN (version 3.7) and GENOTYPER (version 3.7) DNA- 
fragment analysis software.
MUP and MHC haplotypes were determined by comparing the patterns of 
alleles in the founders to their parents and tracing linked alleles. This also 
allowed us to identify crossover events. All founders were heterozygous 
for MHC and MUP except four females in population B, which were MUP
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homozygous. To genotype the FI offspring o f the founders, we selected 
three to four o f the MHC markers and three to four MUP markers that 
reliably discriminated each haplotype within a population (different sets o f 
markers were used for each population, see appendix tables 1 and 2). To 
check that MHC homozygotes were correctly identified and were not due 
to poor primer amplification, we ran an additional marker for any animals 
initially classified as MHC homozygotes. This confirmed homozygosity in 
all cases.
3.3.1.4 Parentage analysis
DNA was extracted from tail snips using the AGOWA mag DNA Isolation 
Kit following the manufacturer’s instructions. For high throughput 
extraction we used the AGOWA 96-well magnetic Separator in 
combination with the Hamilton Microlab STAR robot. The sequences of 
primers for 12 microsatellite markers were chosen from the Mouse 
Genome Informatics site (MGI 3.51) such that they were not linked 
(>50cM) to each other or the microsatellites used for typing at the MHC 
and MUP. These 12 markers were not informative enough to reliably 
assign more than 25% of offspring to parent pairs, so another 12 markers 
were used to increase the power o f the parentage analysis (appendix table 
3). The forward primer of each marker was 5’-fluorescently labelled with 
6-FAM, NED, PET or VIC dependent on the size category of the marker 
(small, medium or large) such that 12 could be pooled into a single run. 
PCR amplification was conducted in 10 pi reactions contained 10 ng of 
DNA, 0.5gM of each primer and 5.0gl of 2X BioMix Red reaction mix 
(Bioline [London, UK]). Plates were incubated in a thermal cycler (Peltier) 
at 95°C for 2 min, followed by 30 cycles o f 95°C for 30s, 52°C -  58°C 
(depending on the primer) for 2 min, then 72°C for 30s, with a final 
extension at 72°C for 10 min. The PCR reactions were then diluted 50- to 
100- fold, multiplexed and 1 pi of the mix was added to 8.8 pi of
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formamide and 0.2gl GeneScan LIZ500 size standard (Applied 
Biosystems). Size was determined with an ABI PRISM 3100 DNA 
analyzer (Applied Biosystems) and GeneMapper v3.0 software designed 
for microsatellite analysis (Applied Biosystems).
The parentage assignment program Cervus 3.0 (Kalinowski et al. 2007) 
was used to assign individuals to a parent pair using maximum-likelihood 
methods.
3.3.1.5 Procedure for assigning matings
As parentage could only reliably be assigned to the offspring of founders 
(the FI generation), we excluded all animals that could conceivably be F2s 
on the basis of weight and date of capture as follows; assuming the 
founders began mating immediately upon introduction into the enclosures 
FI individuals could have started breeding nine weeks after founder release 
(given a three week gestation period and six weeks for FIs to reach sexual 
maturity). Trapping began 15 weeks after founder release, thus animals 
three weeks old or younger could have been from the F2 generation. Sex- 
specific growth curves were constructed using weights collected from the 
progeny of the founders re-mated in captivity (n = 19 litters weighed at 
weekly intervals from 3 weeks after birth) and these were used in 
conjugation with date o f capture to exclude any individuals that could be 
the offspring o f FI females. The parentage assignment detailed above was 
carried out blind to MUP and MHC types. Using all offspring produced per 
parent pair in statistical tests would lead to pseudo-replication, so we 
determined minimum number o f matings that must have occurred to 
explain the offspring captured. We plotted weight against capture date for 
the offspring o f each female and used the sex-specific growth curves and 
paternity information to assign offspring to litters. Founding females could 
have had up to 3 litters that were over 3 weeks old at the start of trapping
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and the maximum litter size for wild house mice is 9. We took the most 
conservative approach and only assigned offspring from the same father to 
different litters if  their weights, date of capture and the litter size precluded 
a single mating event. This resulted in the final assignment o f 193 matings 
across the four enclosures. All females produced at least two litters and 
67% of litters were sired by more than one male.
3.3.1.6 Statistical Analysis
The statistics package R v2.3.1 (www.r-project.org) was used to fit logistic 
multinomial models to the data using likelihood methods. Two response 
variables were analysed (i) the number o f successful matings made by a 
female from each of a set of available males, and (ii) the number of 
offspring produced from each of a set o f observed matings. The log 
likelihood can be given by,
where yy is the observed number of matings or offspring from sire j  and 
dam /, and xy is a vector o f explanatory variables that describes sire j  with 
respect to dam i (i.e. whether the sire is a half- or full-sib o f the dam, and 
whether the dyad shares one, two or no MHC or MUP haplotypes 
respectively). P is the vector of coefficients, fitted by maximising the log 
likelihood using numerical optimization. In the case of two-tailed tests, the 
significance o f explanatory variables was determined by comparison o f LR 
statistics (i.e., twice the log likelihood ratio for a pair o f nested models) to a 
distribution generated by a permutation procedure where the genotype or 
relatedness o f the dam was randomly reordered with respect to the set of
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available males. This permutation approach is more conservative than the 
comparison of LR statistics against a chi-square distribution since it 
controls for potentially inflated Type I errors that might arise from the 
repeated preference of a dam to a particular sire, unconnected to the 
relatedness or genotype o f the sire with respect to the dam. In the case of 
one-tailed tests, significance was determined by comparison of the 
coefficient fitted to the observed data with the corresponding distribution 
generated by the permutation procedure.
3.3.2 RESULTS
3.3.2.1 Parentage Analysis
81 founders and 483 offspring were typed at 24 genome-wide 
microsatellite markers (appendix table 3). The proportion o f loci 
successfully typed was 85%. Repeat typing of 62 individuals (9% of the 
total number o f mice typed) across all loci produced only 5 mismatches, 
giving an error rate of 0.33%. Using full-sibling and half-sibling founders 
meant that the average heterozygosity of each enclosure was lower than 
expected from an outbred population. However, the 24 markers gave a 
high enough polymorphic information content that the critical delta (delta 
is the highest natural log of the likelihood ratio (LOD score) minus the next 
best) needed for 95% confident assignment, as calculated from 10,000 
simulations of parent-pair assignment, was zero in all four enclosures. 
Cervus 3.0 allows input o f priors, such as expected rate of inbreeding in the 
population and the relatedness o f candidate parents, into its simulation 
calculation so we were convinced that assignments were robust.
Confidence in assignments was further strengthened when we looked at the 
MHC and MUP haplotypes of the offspring and their assigned parents. A 
very low proportion (2.8%) o f assignments had MHC or MUP haplotypes
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in the offspring that could not have been inherited from the assigned 
parents, and these mismatches came from offspring that were likely to be 
from the F2 generation based on their weight and date o f capture. These 
were removed from all subsequent analysis. We checked that the parentage 
assignment was not biased in favour of either half sib or full sib matings by 
comparing the mean delta values o f assignments between half sibs and full 
sibs, which did not significantly differ from each other (mean for half sibs 
1.86, for full sibs 2.27, t = -1.46, p = 0.147) (Figure 3.2).
Figure 3.2. The mean delta values (± standard deviation) for offspring assigned to half sib 
parents (white bars) and full sib parents (hatched bars), by enclosure and all data 
combined. Error bars represent one standard deviation from the mean.
3.3.2.2 Analysis o f matings
We found a deficit in matings between full-sibling pairs (Figure 3.3, Tables 
3.1 and 3.2: multinomial logistic model 1, comparison of observed values 
with numbers expected under a model o f random mating, p = 0.08),
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consistent with inbreeding avoidance. This deficit was slightly too small to 
differ significantly from a model o f random mating, however significantly 
fewer offspring were produced per mating event between full-sibling pairs 
(Table 3.3: model 1, p = 0.02) consistent with the offspring of full-sibling 
matings having lower viability as predicted by inbreeding depression.
Table 3.1. Summaries o f observed and expected frequencies among FI offspring.
Number of matings
Relatedness Half sib Full sib
Observed 159 34
Expected3 149.2 43.8
MHC sharing None One haplotype Both haplotypes
Observed 46 130 17
Expected3 56.5 117.3 19.1
MUP sharing None One haplotype Both haplotypes
Observed 73 114 6
Expected3 71.8 100.5 20.7
Number of offspring
Relatedness Half sib Full sib
Observed 414 69
Expectedb 395.9 87.1
MHC sharing None One haplotype Both haplotypes
Observed 135 311 37
Expectedb 124.8 310.6 47.7
MUP None One haplotype Both haplotypes
Observed 159 314 10
Expectedb 164.5 304.7 13.8
Offspring genotype
MHC Homozygous Heterozygous
Observed 94 389
Expected3 96.3 386.8
MUP
Observed 77 406
Expected3 83.5 399.5
a Expected based on proportion o f dyads o f  each type available for each female 
b Expected based on matings o f each type per female 
c Expected based on parental genotypes and number o f offspring per mating
We found no evidence of avoidance o f matings between mice sharing 
either one or both MHC haplotypes (Figure 3.1 and Table 3.2: model 2, p =
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0.27). In fact, there were more matings between parent pairs sharing one 
MHC haplotype, rather than fewer as expected with MHC disassortative 
mating. There was however a deviation from the expected number of 
matings between parent pairs sharing one or both MUP haplotypes (Figure
3.3 and Table 3.2: multinomial logistic model 3, p = 0.005). This was due 
to a deficit in successful matings between mice sharing both MUP 
haplotypes (Figure 3.3 and Table 3.2: multinomial logistic model 4, p = 
0.002) .
Table 3.2. Multinomial logistic models for frequency o f mating.
Log LR
P likelihood statistic3 df Pb
Model 1: full sib avoidance
full sib -0.36 -491.07 3.42 1 0.08 
(1 tailed)
Model 2: MHC sharing
one MHC haplotype 0.36 -490.63 4.31 2 0.27
both MHC haplotypes 
Model 3: MUP sharing
0.12
one MUP haplotype 0.15 -483.60 18.36 2 0.005
both MUP haplotypes 
Model 4: full MUP sharing
-1.36
both MUP haplotypes -1.44 -484.04 17.48 1 0.002
Model 5: relatedness and full MUP sharing
full sib -0.12 -483.86 17.84 2 0.65°
both MUP haplotypes -1.38
Model 6: maternal MHC imprinting and full MUP sharing
one MHC haplotype match between male and female’s mother
-0.33 -482.61 20.34 2 0.18°
both MHC haplotypes -1.31
Model 7: maternal MUP imprinting and full MUP sharing
one MHC haplotype match between male and female’s mother
-0.11 -483.76 18.04 2 0.54°
both MUP haplotypes -1.35
3 Compared to null model (log likelihood = -492.78) 
b Probabilities calculated by random permutation o f data (n = 10,000) 
0 Comparison o f model 5 to model 4
The avoidance of mates with complete MUP sharing is enough to account 
for the deficit o f matings between full sibs (Table 3.2: model 5 versus
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model 4, p = 0.65) as full sibs are more likely to share both MUP types 
than half sibs (appendix Table 3.1).
Share Share Share Share
one MHC both MHC one MUP both MUP
haplotype haplotypes haplotypes haplotypes
Figure 3.3. Comparison o f observed (O) and expected (E) numbers o f matings between 
parent-pairs sharing one or both, MHC or MUP haplotypes. The p value refers to 
multinomial logistic model 4. All other comparisons are non-significant.
We confirmed that the reduction in matings between full sibs was not due 
to lower male quality by comparing the difference in the overall mating 
success of males in full sib dyads (mean ± standard error of the mean 
matings with any female: 4.4 ± 0.6, n = 23) to the success o f any other 
male (3.8 ± 0.5 matings per male, n = 25; U6 = -0.70, p = 0.49). This shows 
that there was no difference in inherent male quality between the males in 
full sib dyads and those in other mating combinations, and that the 
significant difference in matings between parent pairs sharing both MUP 
haplotypes must be due to mating avoidance.
Familial imprinting has been hypothesised as a means to avoid mating with 
close kin i.e., litter mates would “learn” some genetic loci from their 
mother and avoid mating with animals carrying those alleles. All full sibs 
carry a maternal haplotype at the MHC, MUP and all other potential 
genetic markers, whereas paternal half sibs should not. Thus the effects o f
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maternal imprinting in our study would be manifested in a general 
avoidance of full sib matings. However, the inclusion of overall relatedness 
in the model describing full MUP sharing does not explain the matings 
seen any better than the use of MUPs alone (Table 3.2: model 5 versus 
model 4, p = 0.65). We looked specifically for evidence of imprinting on 
maternal MHC and MUP haplotypes (Table 3.2: models 6 and 7, p = 0.18 
and p = 0.54), but neither explained the data better than avoidance o f mates 
that match at both MUP haplotypes alone.
3.3.2.3 Analysis o f the number o f offspring per mating
There were fewer offspring per successful full-sib mating than expected by 
the null model (Table 3.3: model 1, p = 0.02). This is consistent with lower 
viability o f offspring from full sibling matings through inbreeding 
depression or post-copulatory sperm or embryo selection. However, this 
reduction does not seem to be associated directly with MUP or MHC 
sharing (Table 3.3: models 2 and 3, p = 0.25 and p = 0.52). The deficit in 
the number of offspring produced from matings between animals sharing 
both MUP and both MHC haplotypes (Table 3.1) is attributable to the fact 
that most o f the dyads in these categories were full sibs. Both MHC and 
MUP haplotypes showed Mendelian pattern o f inheritance (Table 3.1).
Table 3.3. Multinomial logistic models for number o f offspring per mating.
B
log
likelihood
LR
statistic9 df Pb
Model 1: full sib avoidance
full sib (1 tailed) -0.44 -497.9 7.69 1 0.02c
Model 2: MHC sharing
one MHC haplotype 
both MHC haplotypes
-0.12
-0.49
-499.24 5.02 2 0.25
Model 3: MUP sharing
one MUP haplotype 
both MUP haplotypes
0.11
-0.34
-500.59 2.33 2 0.52
a Compared to null model (log likelihood = -501.75) 
b Probabilities calculated by random permutation o f data (n = 10,000) 
c Model 1 would also be significant at P < 0.05 in a 2 tailed test
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3.3.3 DISCUSSION
The inbreeding avoidance seen in this study can be completely explained 
by a deficit o f matings between animals that fully share at MUP. There was 
no indication of an effect o f MHC or background genes on matings. Mice 
appear to be using full MUP matching as a marker for high relatedness. 
There is no evidence that they are imprinting on the MUP haplotypes of 
their mother, so it is likely that they are using a self-referent method of 
comparing MUP. Sharing both MUP haplotypes is a good indicator o f a 
close relationship in our study. 31% of full sibs and 5% o f half sibs share 
both MUP haplotypes. Considering the percentages of mice sharing one 
MUP haplotype (45% of full sibs and 55% of half sibs) provides an 
explanation as to why we do not see a reduction in the numbers of matings 
between dyads that match at a single haplotype. If females were to avoid 
males that match at one MUP haplotype as well as two, they would be 
excluding a high proportion of half siblings without excluding many more 
full siblings. This situation is likely to be true in a natural population. MUP 
is highly polymorphic, so in an outbred population it is unlikely that half 
siblings, or even full siblings, would share both MUP haplotypes. This 
suggests that MUP based inbreeding avoidance may only have a marked 
effect in populations that were already relatively inbred and would 
generally be a weak pressure in normal situations. However, a weak 
discrimination against males that share both MUP haplotypes could still be 
enough to encourage male dispersal (Lehmann and Perrin 2003). Dispersal 
of young males from the natal area will have the effect of reducing matings 
between close relatives.
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A full sibling is twice as likely as a half sibling to share deleterious 
recessive alleles that could be passed on to progeny, thus we would have 
expected to observe a significant deficit in the number of matings between 
full siblings. The reduction in matings seen is pronounced but not quite 
significant. This may be because the animals used to breed the founders 
were specifically chosen to be outbred. In this scenario, it may be 
advantageous for some animals to inbreed to avoid outbreeding depression. 
A slight level of inbreeding in a totally outbred population would reduce 
the chance of breaking up of any more coadapted gene complexes. Females 
may prefer a certain level of inbreeding as kin are likely to share genes, 
meaning there is a greater chance o f maternal genes being passed onto the 
next generation. We may not see a significant level of inbreeding 
avoidance because there are two conflicting pressures at work in our 
experimental populations; the avoidance o f inbreeding and the avoidance 
of outbreeding. Avoidance o f inbreeding is obviously the stronger of the 
two pressures, probably because the least related individual available as a 
mate is a parental half sibling (r = 0.25), giving each population an 
inbreeding coefficient o f at least F = 0.125, which is high enough to lead to 
effects of inbreeding depression (Durel et al. 1996).
My results were contrary to those from other studies examining the role of 
the MHC in mate choice. I find no correlation between MHC sharing 
between mates and inbreeding avoidance. Studies that test the ability of 
mice to recognise MHC encoded odour differences are not directly testing 
whether they use these differences for kin recognition, individual 
recognition or mate choice. It has been previously shown that repeated 
exposure to an odour can induce olfactory receptors that do not usually 
function (Wang et al. 1993), thus just because mice are capable of 
determining MHC encoded odour differences after training or repeated 
exposure, it does not mean that they are able to do so in the wild. Even if
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they are, these studies do not show evidence of mate choice, simply 
preference. In a previous study that directly tested mate choice (Potts et al. 
1991; Potts et al. 1994) MHC type was closely correlated with the rest of 
the genome. Thus the effects seen could be due to the use o f another gene 
that is correlated to the MHC being used for inbreeding avoidance. Also, 
MHC heterozygosity correlates with genome-wide heterozygosity in these 
studies. Another interpretation of the results o f the Potts’ study (Potts et al. 
1991) and others is that the females were choosing mates based on non- 
MHC markers of heterozygosity to promote the heterozygosity of their 
offspring.
We have shown that wild mice in naturalistic enclosures do not use MHC 
derived cues to avoid inbreeding. Instead, in our study, they are avoiding 
mating with potential mates that fully match at MUP. MUP expression 
appears to be species-specific (Robertson et al. 1996), and can even vary 
between Mus musculus sub-species (Robertson et al. 2007; Stopkova et al. 
2007). This implies that there may be taxa-specific mechanisms for the 
avoidance of inbreeding, not just a vertebrate-wide marker such as MHC or 
MUP. We suggest that further work needs to be done in model systems and 
in the wild to further investigate the roles of the MHC, MUP and other 
potential signals of individual recognition.
3.4 Heterozygosity Study
3.4.1 INTRODUCTION
In the second study I investigated the affects of MHC and MUP 
heterozygosity on the reproductive success of males. If females are
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choosing MHC dissimilar males, offspring would be more heterozygous 
whether the driver is the promotion o f heterozygosity per se or the 
avoidance of inbreeding. Heterozygosity itself is not heritable, but do the 
fitness gains associated with increased heterozygosity confer a greater 
reproductive success to individuals? Heterozygosity has been shown to 
increase many different fitness traits; survival (Kempenaers et al. 1996; 
Cordero et al. 2004), health (Acevedo-Whitehouse et al. 2003; Hawley et 
al. 2005), body size (Coltman et al. 1998; Merila et al. 2003), dominance 
relationships (Hoffman et al. 2004; Lieutenant-Gosselin and Bematchez 
2006) and reproductive success (Keller 1998; Sauermann et al. 2001). 
Increased reproductive success for heterozygotes may be correlated with 
other gains in fitness associated with heterozygosity, for example, if  more 
heterozygous males hold superior territories, they are likely to be more 
attractive as potential mates. Meagher et al. (2000) showed that more 
heterozygous males mice sired significantly more offspring in semi-natural 
enclosures, largely as a result of their superior competitive ability. 
However, heterozygosity associated gains in reproductive success could 
also be due to mate choice favouring heterozygosity in a marker locus. 
Thom et al. (2008) showed that when intrasexual competition is 
minimised, female mice prefer to associate with MUP heterozygous over 
MUP homozygous males. To directly test the effects of heterozygosity on 
reproductive success we eliminated any correlations with other factors that 
influence female choice, such as established dominance relationships or the 
ability to defend a territory. This required a more controlled approach than 
that used in the enclosure study where males were allowed to interact 
freely. We ensured that any increased reproductive success seen in the 
second study was independent o f competitive ability. We allowed wild 
females to mate with males who were either heterozygous or homozygous 
at the two signalling systems, MHC and MUP, or who were either 
heterozygous or homozygous across the rest o f the genome. In each trial
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type the other two factors were kept constant so individual effects of MHC, 
MUP and genome-wide heterozygosity on reproductive success could be 
differentiated.
3.4.2 MATERIALS AND METHODS
3.4.2.1 Animals
Females were from population o f wild-derived house mice Mus musculus 
domesticus maintained in the laboratory. Wild-mice were caught from five 
locations throughout the northwest o f England and populations maintained 
through laboratory breeding for up to five generations. Females were 
weaned into single-sex groups at 21 - 28 days. All females were sexually 
mature at the time of testing and were aged between 7 and 21 months 
(mean 15 ± 0.6 months). Some females had been previously used to test 
female preference for male heterozygosity. Females were allowed visual 
and olfactory contact with males but a barrier prevented physical contact 
and no mating was permitted. Three females were used twice in this study. 
In all three cases we ensured that the second trial was at least 8 weeks after 
the first and was tested a different preference using different males to avoid 
any influence of previous experience.
Males were from the FI or F2 generation of a cross between two inbred 
strains (Balb/c and C57BL/6, Harlan-Olac, UK). These laboratory strains 
have been well characterised and are known to differ across the MHC 
(Balb/c is haplotype d, C75BL/6 haplotype b) and MUP regions (Balb/c is 
phenotype A, C75BL/6 is B (as defined by Snell (1958a; 1958b) and 
Fischer Lindahl (1997) for MHC and Robertson et al. (1996) for MUP). 
Thus the FI offspring are heterozygous for both MHC (bd), and for MUP 
(AB) (Figure 3.4). We typed all F2s at both MUP and MHC. All MHC and
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MUP genotyping was carried out by Francine Jury and the CIGMR group 
at the University o f Manchester (see 3.3.1.3). We used pairs of males that 
were homozygous and heterozygous for MHC, while heterozygosity at 
MUP was held constant and vice versa. In these trials the level of 
heterozygosity across the rest of the genome was held constant. Thus male 
reproductive success would be correlated with MHC or MUP 
heterozygosity alone. We tested for effects o f background heterozygosity 
by pairing MHC/MUP heterozygous F2 males with MHC/MUP FI males 
which have double the genome-wide heterozygosity on average. This test 
mimics a relatively inbred and relatively outbred male, F2 and FI 
respectively. However, two hypothesised signalling systems for genomic 
heterozygosity are identical in both.
Balb/c C75BL/6
MHC dd X MHC bbMUP AA MUP BB
1 I I
FI
MHC bd 
MUP AB
T
MHC bb MHC bb MHC bb 
MUP AA MUP AB MUP BB
MHC bd MHC bd MHC bd 
MUP AA MUP AB MUP BB
MHC dd MHC dd MHC dd
MUP AA MUP AB MUP BB
Figure 3.4. Breeding program o f males used showing MHC and MUP types. The pair in 
blue show differing heterozygosity at MHC while MUP and background heterozygosity is 
controlled. The pair in green show the same but with MUP as the test region. Note these 
two types of trial can also be carried out with the region that is not being tested kept 
heterozygous in both. The pair in red show constant heterozygosity at MHC and MUP but 
differing levels o f  heterozygosity at the rest o f the genome.
Males were singly housed at weaning (21 - 28 days) to control for social 
experience. At the time o f testing males were aged between 7 and 20 
months (mean 14 ± 0.5 months), and they were aged matched within each
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pair as closely as possible (mean 5.1 ± lday, maximum 25 days 
difference). Many o f the males used had previously been used in an 
experiment examining the role of heterozygosity on female association 
with males according to male heterozygosity (Thom et al. 2008). Males 
were kept in their original pairings and the original females used where 
possible. Some males were used twice, but always in a different test and 
with males o f equal experience.
3.4.2.2 Mating trials
All trials were conducted by Michael Thom at Leahurst Veterinary 
Facility. The experimental arena consisted of three adjacent cages (each 
with internal area 960 cm2 x 13 cm height, external dimensions 45 cm x 28 
cm x 13 cm) with openings between the end cages and the middle cage that 
were too narrow to allow males to pass through but allowed the smaller 
female free movement throughout the three cages. Each male was placed in 
one of the outside cages and the female in the central cage. Thus the female 
could choose to pass into either of the male’s cages or remain in the central 
cage that only she could access. This set up did not allow male-male 
competition so no dominance relationship could be established between the 
males. Each cage had nesting material inside and a wire lid with access to 
food (Lab Diet 5002 Certified rodent diet) and water. Mice were left 
undisturbed for 14 - 21 days, and then separated and pregnant females 
allowed to carry to parturition. Genetic samples were taken from the 
female, both males and the offspring and used for paternity assignments.
3.4.2.3 Paternity Assignment
I extracted DNA from tail snips using mouse-tail extraction kits (Promega 
Wizard SV Genomic DNA Purification System). I used twelve of the 
primers previously used for parentage assignment in the enclosure study 
(see 3.3.1.4 Parentage analysis and Appendix Table 3). Amplification and
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fragment size analysis was carried out according to 3.3.1.4 Parentage 
analysis. The parentage assignment program Cervus 3.0 (Kalinowski et al. 
2007) was used to assign individuals to a parent pair using maximum- 
likelihood methods.
3.4.2.4 Scent marking and dominance testing
This study tests the reproductive success o f male mice which have 
differing levels o f heterozygosity at marker genes or across the genome. 
Previous studies have shown a link between reproductive success and male 
scent marking (Gerlinskaya et al. 2007) and dominance relationships 
(Defries and McCleam 1970). We checked for correlations between any 
reproductive skew seen and dominance tendencies and scent marking. 
Males were tested for scent marking in their experimental parings. They 
were placed either side o f a mesh divide in a cage (internal area 960 cm2 x 
13 cm height, external dimensions 45 cm x 28 cm x 13 cm) giving them 
visual and olfactory, but not physical contact. The bottom of the cage was 
lined with Benchkote. Males were allowed to interact for one hour, after 
which urine marks on the Benchkote were measured under UV light using 
image analysis software (Scion Image or ImageJ). Both the number of 
marks and the area of marks were measured. Number of marks and area o f 
marking is roughly correlated, however frequency is a more reliable 
measure as a subordinate male can leave a large area of urine in a non- 
aggressive single marking; giving a high area score, but a frequency score 
o f one.
Immediately before introduction into the experimental arena the pair o f 
males was briefly tested for aggressive behaviour. Males were placed in a 
handling arena for 15 minutes and observed. The male that showed the 
more aggressive behaviour was labelled as dominant. In many cases (n =
16 from a total o f 44 trials) there was no interaction between the males and
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neither male was recorded as dominant. It should be noted that this test is a 
quick measure o f aggressive behaviour and does not allow enough o f an 
interaction to allow a proper dominant-subordinate relationship to be 
formed.
3.4.3 RESULTS
3.4.3.1 Parentage assignment
Out of 84 trials, 50 resulted in surviving litters (59.5%). This was 
consistent across trial types (MHC: 62.0%; MUP: 58.5%; background: 
57.5%). Three litters had to be excluded from the dataset because no 
useable DNA remained after storage. A further litter was excluded from 
the MHC trials as a male passed through the tunnel into the female cage 
during the trial. Litter size was fairly constant across trials (MHC: 5.3 ± 0.4 
(range 3 - 8); MUP: 4.5 ± 0.4 (range 2 - 7); background: 4.5 ± 0.4 (range 1 
-7)).
The total number o f offspring sired by males was independent of their 
heterozygosity at both MUP (x2 = 0.143, p = 0.705) and MHC (x2 = 0.316, 
p = 0.574). In contrast, genome-wide heterozygosity appeared to have an 
effect on reproductive success, with the more heterozygous males siring 
twice as many offspring as more homozygous males (x2 = 8.471, p = 
0.004) (Figure 3.5 and Table 3.4).
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Figure 3.5 Number o f offspring sired by homozygous (white bars) and heterozygous males 
(hatched bars) across the three different trial types. Results are mean and S.E.. P values 
indicate significance in y2 tests.
Table 3.4 Total number o f offspring sired across all litters (for MHC n = 15 litters, for 
MUP n = 14 litters and for background n = 15 litters). Split according to heterozygosity, 
weight, scent marking and dominance. Shown according to trial type (MHC and MUP are 
combined for weight, dominance and scent marking as there is no influence o f  the two 
marker systems on reproductive success, thus they can be considered equivalent).
Trial Total number of offspring sired
Heterozygosity 
Hetero Homo
Weight
Heavier Lighter
Dominance 
Dom Sub
Marking 
High Low
MHC 37 42 
MUP 33 30 
Background 46 22 44 24 23 19 34 34
MHC+MUP 87 13 69 41 46 80
Differences in the total number o f offspring produced will be affected by 
the reproductive success o f the females. Thus if a highly fecund female 
chooses to mate with a more heterozygous male and a less fecund female 
chooses to mate with a more homozygous male, the total number of
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offspring produced would favour the more heterozygous male even though 
there is no overall mating bias. To test male affects alone we compared the 
proportion of offspring sired by each male per female. The proportion of 
offspring produced across all trials is independent of MHC (x2 = 0.021, p = 
0.885), MUP (x2 = 0.010, p = 0.920) and background heterozygosity (x2 = 
0.565, p = 0.452). Again the trend is towards the more overall 
heterozygous male siring the most offspring but the difference is not big 
enough to see a significant effect.
As we found no effect o f MHC or MUP heterozygosity on total number o f 
offspring sired, we combined these data to look for other factors affecting 
offspring production. Heavier males sired more offspring than lighter 
males (x2 = 5.88, p = 0.015 for background heterozygosity trials, x2 = 
10.618, p = 0.001 for MHC and MUP data combined). Mass was 
independent of genome-wide heterozygosity (heterozygous male heavier in 
10 out of 15 pairs; binomial test: p = 0.3) (Table 3.4). It appears that 
reproductive success is affected by male size, as well as heterozygosity at 
background loci. Dominance behaviour and frequency of scent marking 
had no effect on offspring production in the background heterozygosity 
trials (x2 = 0.381, p = 0.537 for dominance, the number of offspring 
produced by high frequency markers and low frequency markers was 
identical). However, both dominance and frequency of scent marking had 
an effect on offspring production in the MHC and MUP trials (x2 = 7.127, 
p = 0.008 for dominance; x2 = 10.452, p = 0.001 for frequency of scent 
marking) (Table 3.4). Thus, when background heterozygosity is controlled 
for, the effects o f other factors affecting reproductive success are 
significant. This suggests that overall genetic heterozygosity is a greater 
determinant of reproductive success than dominance or scent marking.
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3.4.4 DISCUSSION
When the two signalling systems, MHC and MUP, were kept constant we 
found an effect o f genome-wide heterozygosity on offspring production, 
with the more heterozygous males producing significantly more offspring. 
When genome-wide heterozygosity was controlled for there was no effect 
o f heterozygosity at MHC and MUP on offspring production. This 
suggests that reproductive success was determined by heterozygosity at a 
locus, or loci, other than the MHC and MUP.
Weight was a significant factor in reproductive success of males in all 
trials. On average, the heavier male sired significantly more offspring than 
the lighter. This supports previous findings in rodents (Deifies and 
McCleam 1970) and suggests that male size is an honest signal o f genetic 
quality and potential reproductive success.
Other factors tested had differing influences in different trial types. In the 
genome-wide heterozygosity trial, where heterozygosity affected offspring 
production, dominance and scent marking frequency had no affect on the 
number of offspring sired. In the MHC and MUP trials, where 
heterozygosity had no affect, the more dominant male and the male who 
scent marked with the lower frequency sired significantly more offspring. 
This suggests that in the absence o f genome-wide heterozygosity the 
weaker influences o f dominance and scent marking have an effect on 
reproductive success. Male dominance has been shown to have a positive 
affect on reproductive success in rodents and other species (Franks and 
Scovell 1983; Lamprecht 1986; Huck et al. 1988; Pusey et al. 1997) and 
our study adds to that data. However, our finding that low scent marking 
males sired more offspring than high scent marking males conflicts with 
previous work. Urinary scent marks differ qualitatively between dominant 
and subordinate males and are produced at higher frequencies in dominants
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(Desjardins et al. 1973). Scent marking is costly, and marking at high 
frequency by dominant males may thus be seen as 'honest' signalling of 
quality. It has been shown that females prefer the odour o f males whose 
marking patterns suggest they are of high quality (Rich and Hurst 1998). 
Our use of inbred strains in the generation o f the males in these tests may 
account for our novel result. Nevison et al. (2000) compared differing scent 
marking behaviours o f inbred strains, and presumably these behaviours 
would also be different to those found in the wild. This suggests that our 
finding that low scent marking males sire more offspring than high scent 
marking males (when heterozygosity across the genome is controlled for) 
may not be relevant in a natural population of house mice.
Reproductive success can be affected by both pre- and post-copulatory 
mechanisms (Simmons 2005). Our study is not capable of separating the 
two. We are unable to say whether genome-wide heterozygosity acts as a 
mate choice cue or increases sperm quality. Indeed, pre- and post- 
copulatory choices may differ in species such as M. musculus that engage 
in extra-pair copulation (Firman and Simmons 2008); females may choose 
to nest with males that offer superior territories and resources, but may put 
more investment in sperm from males with more compatible genes 
(Bretman et al. 2004). This supports the finding of Rolland et al. (2003) 
that, when given free access to males, female mating preference was not 
reflected in any other behaviour (such as time spent with the males when 
not in oestrus). A previous study using some of the same male pairings 
found that females preferred to associate with MUP heterozygous males, 
but not with males with greater background heterozygosity (Thom et al. 
2008). This preference was not translated into offspring production in the 
current study, suggesting there may be differences in pre- and post- 
copulatory mating choices in our system. Genome-wide heterozygosity has 
been shown to affect sperm quality in rabbits (Gage et al. 2006), with the
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more heterozygous males producing better quality sperm and this could be 
the case in the mice in this experiment.
The enclosure study showed that mice avoid mating with potential mates 
that fully match at MUP, and that the MHC has no influence on mate 
choice. In the second study we found no influence of heterozygosity at 
MHC or MUP on the reproductive success o f males, however, 
heterozygosity at background genes increased reproductive success. 
Combining the results o f both studies indicates that; i) the MHC has no 
affect on the avoidance o f inbreeding or on reproductive success in our 
experiments, ii) MUP heterozygosity has no affect on offspring production 
when male-male competition is prevented and iii) intraspecific MUP 
sharing influences mating. It is unclear whether the avoidance of 
inbreeding facilitated by full MUP sharing is a bigger driver of 
reproductive success than the affects o f genome-wide heterozygosity, and 
it would take a complex experimental set-up to test that theory.
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C h a p t e r  4
EVIDENCE OF BALANCING SELECTION AT THE 
MHC IN A NATURAL POPULATION
4.1 INTRODUCTION
Selection at the MHC has been widely studied (Hughes and Nei 1988; 
Hughes and Nei 1989; Nevo and Beiles 1992; Takahata et al. 1992) as 
MHC genes have one o f the highest rates o f polymorphisms in the 
mammalian genome (Klein 1986). Hypotheses proposed for maintenance 
of this polymorphism include; an unusually high mutation rate (Bailey and 
Kohn 1965); gene conversion (Widera and Flavell 1984); disassortative 
mating (Reusch et al. 2001) and, with by far the most support, balancing 
selection (Doherty and Zinkemagel 1975; Klein 1986; Takahata et al.
1992; Paterson 1998).
Balancing selection is a form of natural selection that maintains multiple 
alleles within a population. The two main mechanisms that lead to this 
form of balanced polymorphism are overdominance and rare allele 
advantage, both of which could be at work in the MHC. The 
overdominance theory, as applied to the MHC, states that individuals that 
are heterozygous at MHC loci will have a greater chance o f recognising 
pathogenic antigens than individuals that are homozygous and thus MHC 
heterozygous individuals will incur less of a reduction in fitness due to 
infections than homozygotes and will persist in the population (Doherty 
and Zinkemagel 1975; Maruyama and Nei 1981). The trans-species 
hypothesis of the MHC (first proposed by Klein (1980)) which explains the
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persistence o f certain MHC alleles through speciation events, also suggests 
that alleles have been maintained by overdominant selection. Rare allele 
advantage, or frequency dependent selection, states that individuals whose 
phenotype is rare within the population will be at a selective advantage. In 
the case of the MHC and host-pathogen co-evolution, a rare or new allele 
that a pathogen has not encountered or evolved to evade, will give a 
selective advantage over common alleles in the population.
Many studies support the hypothesis that pathogen-driven balancing 
selection acts to maintain allelic diversity at the MHC (Potts et al. 1994; 
Potts and Slev 1995b; Apanius et al. 1997a; Wegner et al. 2003; Wegner et 
al. 2004; Meyer-Lucht and Sommer 2005). However, the effects of mate 
choice at the MHC could also result in balancing selection. Hedrick (1992) 
showed that female choice for males which differ at a particular locus, 
termed disassortative mating, will lead to a reduction in the numbers of 
homozygotes in a population and can lead to alleles being maintained at 
equal frequencies.
House mice, Mus musculus domesticus, have been well characterised at the 
MHC through the use of inbred strains (Arnold et al. 1984; Watts et al. 
1987; Saha 1996; Melvold et al. 1997; Kellenberger et al. 2005), but 
surprisingly, little has been done to characterise diversity in natural 
populations. Duncan et al. (1979) used serological data to investigate 
heterozygosity in a populations in Texas, USA. They found remarkably 
high levels of MHC heterozygosity (the mean frequency of heterozygotes 
across the five MHC genes tested was 96%), compared to much lower 
levels at all other polymorphic loci (6%). Duncan et al. suggest that the 
near 100% H2 heterozygosity is caused by heterozygote advantage at the 
H2 loci. I aim to further this work by characterising sequences of two 
MHC loci from house mice from a wild population, and by looking for 
signatures o f balancing selection acting at the MHC within the population.
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4.2 AIMS
I tested for evidence of balancing selection at the MHC in a natural 
population o f Mus musculus domesticus. Contemporary selection can be 
detected by deviations from Hardy-Weinberg equilibrium. Population 
demographics such as recent bottlenecks, or sampling o f meta-populations 
can also cause deviations from allele frequencies expected under Hardy- 
Weinberg, thus I used 12 genome-wide markers to investigate recent 
demographic effects within the population. I used MHC-linked markers to 
measure allelic frequencies and Watterson’s statistic test to investigate 
deviations from neutrality. I sequenced a class I gene (H2-K1) and a class
II gene (H2-Ab) to measure the rates of synonymous and nonsynonymous 
substitution at both the antigen binding sites and structural residues. 
Comparison o f the rate o f the two types of substitution was used to detect 
evidence of selection, and Tajima’s D statistic was calculated to test for 
deviation from neutral evolution using allele frequencies and rates of 
mutation simultaneously.
4.3 MATERIALS AND METHODS
4.3.1 Animals
Winsford pig farm is a 35 acre farm in Cheshire, North West England, 
consisting of three large pens and a dozen feed buildings surrounded by 
woodland. 62 wild house mice (Mus musculus domesticus) were trapped in 
and around the buildings in seven trapping sessions between September 
2003 and January 2005. Seven of the females were pregnant at the time of 
capture and gave birth in captivity, meaning genetic samples were 
available for 75 individuals in total. Traps were laid and collected by the
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owner of the farm, thus no data about location and exact date of capture are 
known.
4.3.2 Genotyping
DNA was extracted from 1 -5  mm tail snips with mouse-tail extraction kits 
(Promega Wizard SV Genomic DNA Purification System). Five markers 
within the MHC region (chromosome 17) and one marker on either side 
had previously been selected using the ENSEMBL mouse genome 
database (Hubbard et al. 2007) (see 3.3.1.2 MHC and MUP genotyping, 
Appendix Table 1 and Appendix Figure 1 for details). The sequences of 
primers for 12 genome-wide microsatellite markers had previously been 
chosen from the Mouse Genome Informatics site (MGI 3.51) (see 3.3.1.4 
Parentage analysis and Appendix Table 3 for details). PCR amplifications 
for the MHC and genome-wide markers were carried out in 10 pi reactions 
according to the conditions outlined in 2.3.2 MHC genotyping and 3.3.1.4 
Parentage analysis respectively. Fragment size was determined with an 
ABI PRISM 3100 DNA analyzer (Applied Biosystems) and GeneMapper 
v3.0 software designed for microsatellite analysis (Applied Biosystems).
Genepop 4.0 (Raymond and Rousset 1995) was used to calculate observed 
and expected heterozygosity (H0 and HE) at genome-wide and MHC 
microsatellites. In this case expected heterozygosity is calculated under
k
Hardy-Weinberg equilibrium; He = 1 -  ^  p f  where p, is the frequency of
<=i
the ith of k  alleles. Deviations from Hardy-Weinberg equilibrium were 
investigated using the Markov chain method to evaluate exact tests (Guo 
and Thompson 1992). Genepop was also used to estimate linkage 
disequilibrium (LD) for markers within and surrounding the MHC region, 
and as a control, for the genome-wide markers which were not expected to 
be in linkage disequilibrium. The null hypothesis is that genotypes at one
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locus are independent from genotypes at a second locus. Genepop 
computes unbiased estimates by randomisation (5,000,000 iterations) and 
by the Markov-chain method for the exact probabilities o f random 
association in contingency tables corresponding to all possible pairs o f loci.
4.3.3 Population structure
The 12 genome-wide microsatellites were used to investigate the 
demography of the Winsford population. I used Structure 2.2 (Pritchard et 
al. 2000) to test whether the 75 individuals captured belonged to a single 
panmictic population, or a number o f metapopulations. Structure uses a 
model-based clustering method to infer population structure and assign 
individuals to populations using multilocus genotype data. 106 Markov 
chain Monte Carlo iterations were run after a bum-in period o f 100,000 
iterations for population numbers (termed K) from 1 to 5.
Tests considering population structure and evidence of selection often use 
levels o f heterozygosity at selectively neutral loci, such as the genome­
wide microsatellite markers used in this study. A recent reduction of 
effective population size, termed a ‘bottleneck’, would result in 
heterozygosity excess at selectively neutral loci, biasing results. The 
program Bottleneck 1.2.02 was used (Comuet and Luikart 1996) to test for 
evidence of a recent bottleneck in the Winsford population. Observed 
heterozygosity Ho was compared to expected heterozygosity He-s.m.m. as 
calculated from simulations of gene genealogies, with sample size and 
allele number identical to those in the data, under the stepwise mutation 
model (S.M.M.). The S.M.M assumes that mutations produce a directional 
change in length, with an increase (or decrease) in microsatellite length 
each mutation. The test was also done using the expected heterozygosity 
calculated under the infinite alleles model (He-ia.m.)• The infinite alleles 
model assumes that each mutation that arises is unique. The standard
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deviate {[Ho-Hes.m.mJ/SD ) is used to test for significantly inflated values 
of Ho that suggest rapid population expansion following a bottleneck.
The parentage assignment program Cervus 3.0 (Kalinowski et al. 2007) 
was used in an attempt to assign individuals to a parent pair using 
maximum-likelihood methods. As the extent of successful parentage 
assignments was limited, I used Identix 1.0 (Belkhir et al. 2002) to estimate 
mean pairwise relatedness, rxy. I used the estimator derived by Queller and 
Goodnight (1989), where x  is a reference individual, with alleles a and b at 
a single locus, and y  is the individual to be compared, with alleles c and d. 
If  the reference individual is homozygous Sab = 1, if  heterozygous Sab = 0. 
Similarly, if  allele a from the reference is the same as allele d  from the 
individual being compared Sad~  1, if  the alleles are different Sad — 0. 
Letting pa and pb be the frequencies o f the alleles a and b in the population;
0.5(Sab +  Sad +  She +  Sbd') —  pa —  pb
Yxy — ------------------------------------------------------------------------------------------------------------------------
1 + Sab- pa — pb
To calculate the null distribution of no relatedness Identix uses 
conventional Monte Carlo resampling (Guo and Thompson 1992), 
randomly selecting either 2 N alleles without replacement, independently 
for each locus, assigning them to N individuals, then recalculating the 
statistic.
Observed and expected heterozygosities (Ho and Hr) were used to 
calculate the within population fixation index, F!S = (Hr - Ho) /  H r  Any 
difference between values of Fis for the MHC-linked and the non-linked 
markers would represent putative evidence of contemporary selection. I 
used Watterson’s homozygosity test of neutrality (Watterson 1978) to 
examine evidence o f balancing selection at genome-wide and MHC-linked 
microsatellites. The test statistic F  is the sum of the frequencies of
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homozygotes under Hardy-Weinberg equilibrium, F  = p] , where i
represents each allele. Significance is tested against values o f F  expected 
for populations under neutrality given a number of alleles (K) and 
population size (2n) such that;
_  ,  F (obs) — F  (exp )F deviate = ■ . =■
-v/var(F(exP>)
where var(F(expj) = the variance of the expected frequency of homozygotes 
(Ewens 1972). A positive value of F  deviate indicates positive selection 
resulting in a shortage o f heterozygotes, a negative value of F  deviate 
indicates alleles maintained at equal frequencies within a population, a 
result of balancing selection. Watterson’s test assumes the infinite alleles 
model o f mutation, from which microsatellites are thought to deviate. The 
genome-wide markers act as a control as they are assumed to be under no 
selection pressure, so the relative comparison between the MHC and 
genome-wide markers will provide evidence for selection pressures acting, 
regardless o f whether microsatellites follow the pattern of mutation 
assumed by the test or not.
4.3.4 Sequencing
DNA was extracted from 1 - 5 mm tail snips with mouse-tail extraction kits 
(Promega Wizard SV Genomic DNA Purification System). Sequences for 
the MHC class I gene H2-K1 (equivalent to HLA-A in humans) and the 
MHC class II gene H2-Ab (equivalent to the widely studied human DQB 
gene) were downloaded from NCBI for several different inbred mouse 
strains. Alignments o f these sequences were used to design oligonucleotide 
primers (MWG-Biotech [London, UK]) to amplify exons two and three o f 
H2-K1 (H2-K1 exon 2; fwd 5’- TGA GGT GGT CCG GGT CTC ACC-3’; 
rev 5’-GTG GAG GGG TCG TGA CCT CCG A -3 \ H2-K1 exon 3; fwd
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5’- TGA GCG GGG CTG ACC GCG-3’; rev 5’- CAG GAC TGA GCC 
CCA GCC-3’) and exon two of H2-Ab (H2-Ab exon 2; fwd 5’- GAG CCG 
TGG TCT GCG TGG TC-3’; rev 5’- GGA GGA AGG AGG CCA TGC 
AG-3’). These exons were chosen because they code for the antigen 
binding sites of the MHC molecules.
PCR amplifications were carried out separately for each exon using a 
random sample o f 46 individuals from the Winsford population. PCRs 
were conducted in 30 p.1 reactions containing 30ng of DNA, 1.5|iM of each 
primer and 15.0 (j.1 o f 2X BioMix Red reaction mix (Bioline [London,
UK]). Plates were incubated in a thermal cycler (Peltier) on a touchdown 
PCR program beginning with 95°C for 2 min, followed by 95°C for 20s, 
60°C for 30s, minus 0.25 °C per cycle for 16 cycles, and then 56°C for 20 
cycles and 72°C for 30s, with a final extension at 72°C for 10 min. PCRs 
were purified using Qiagen MinElute PCR kits and pooled into eight 
groups (six groups of six and two groups o f five) and each group was 
ligated into T-vectors and grown in Escherichia coli competent cells using 
Promega’s pGEM-T Easy Vector System. Twelve white colonies were 
selected from each plate o f cells and incubated in 3 ml of LB media 
overnight (1 6 -2 4  hours). Plasmids were purified from E. coli cells using 
Promega’s Wizard Plus SV Minipreps DNA Purification System and then 
cleaned using 100 id Shrimp Alkaline Phosphatase (SAP, Amersham),
142.5 |al SAP dilution buffer and 7.5 id Exonuclease I (New England 
Biolabs) per 96-well plate, heated in a thermal cycler for 40 min at 37 °C, 
followed by 15 min at 80 °C. Plasmid concentration was estimated using a 
NanoDrop ND-1000 Spectrophotometer and diluted to give a concentration 
of 100 ng/|d and 10 nl was sent to Macrogen (Seoul, Korea) for 
sequencing. Sequences were checked and aligned using BioEdit (Hall 
1999). This technique generated a suite of allele sequences from the 
Winsford population. To assign alleles to individuals I typed the mice at
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seven microsatellite markers located in and around the MHC region 
(Appendix Table 1). MHC haplotypes were determined using the seven 
known family groups to trace inheritance o f these markers and direct 
sequencing of MHC genes confirmed correct assignments. Direct 
sequencing involved PCR amplification as previously outlined. PCR 
products were then purified using Qiagen MinElute PCR kits, DNA 
concentration estimated and diluted to 16 ng/|J and sent to MWG-Biotech 
(London, UK), with associated primer at a concentration o f 2 pmol/^l, for 
sequencing. Once haplotypes had been determined, further direct 
sequencing allowed alleles to be assigned to haplotypes and thus to 
individuals.
4.3.5 Selection tests
The rate of synonymous substitutions per potential synonymous site ( d s) 
and the rate o f nonsynonymous substitutions per potential nonsynonymous 
site ( d N) was analysed in MEGA 4.0 (Tamura et al. 2007). The modified 
Nei-Gojobori method was used (Nei and Gojobori 1986; Zhang et al.
1998). This assumes the rate o f transitional substitutions is different to the 
rate of transversional substitutions and weights potential substitution sites 
accordingly (assumed transition/transversion bias = 2). A Jukes-Cantor 
correction (Jukes 1969) was used to correct for multiple hits. I further 
investigated the rates o f substitution by defining the nucleotide sites coding 
for the amino acids involved in antigen binding and those coding for 
structural residues. The amino acids involved in antigen binding were 
chosen based on the three-dimensional crystal structure o f the MHC 
molecule (Fremont et al. 1992 for H2-K1; Zhu et al. 2003 for H2-Abl).
The Tajima test statistic, D (Tajima 1989), was estimated using MEGA.
£) _ n - B t  a\
~ [V(n - 0  / a\)]m
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where zds the average number o f pairwise nucleotide differences between 
sequences, 6* is the observed number o f polymorphic sites, and a/ = \ + 2 '1 
+ 3 '1 +...+ (m - 1)'1 where m = the number of sequences. This method of 
detecting deviation from neutrality compares the number o f segregating 
sites and the observed number of nucleotide differences. As deleterious 
mutants are maintained in a population at low frequency, they are likely to 
have a negligible affect on the number o f nucleotide differences. However, 
deleterious mutants would act to inflate the number of polymorphic sites, 
as this ignores the frequency of mutants. This would lead to a decrease in 
Tajima’s test statistic D (D < 0) from that expected in a selectively neutral 
population in mutation-drift equilibrium (D  = 0). In contrast, balancing 
selection maintains alleles at high frequencies, thus the pairwise nucleotide 
diversity would be enhanced, but the number of polymorphic sites per 
sequence would not, leading to an increase in D ( D >  0). The mean and 
variance of Tajima’s D  are zero and one, but Tajima (1989) showed that D 
does not follow the normal distribution and can more accurately be 
described by the beta distribution. Thus the significance o f Tajima’s D  is 
computed using the beta distribution. Tajima’s test of neutrality depends on 
the assumption that the population has been in mutation-drift balance for a 
long evolutionary time period. This is unlikely to be true o f most natural 
populations; care must be taken when testing for significance as D  can be 
significantly negative or significantly positive due to the population 
history.
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4.4 RESULTS
4.4.1 Genotyping
43 females and 32 males were typed at 12 genome-wide and 7 MHC- 
linked microsatellite markers. The percentage of typed genotypes was 81% 
for the genome-wide markers and 88% for the MHC markers. Repeat 
typing of 17 individuals (22% of individuals typed) across all loci 
produced 4 mismatches, an error rate o f 0.3% per genotype.
Genepop was used to investigate linkage between markers within and 
around the MHC region. There was no evidence of linkage disequilibrium 
in any of the pairwise comparisons between genome-wide markers. All 
pairs of markers within the MHC region showed significant linkage 
disequilibrium. A significant p value was returned between a marker 
outside the MHC region (D17Mitl92) and the marker nearest to it within 
the MHC (D17Mit230). The distance between these two markers, 0.10 cM, 
is relatively small explaining the result. The marker on the other side o f the 
region was 15.08 cM from the nearest marker within the MHC, and 
showed no evidence o f linkage disequilibria.
Table 4.1 Linkage disequilibrium for pairwise comparisons o f MHC-linked markers. 
Significant linkage is shown in bold.
Loci compared
Distance between 
loci (cM) P value S.E.
D17Mitl92 D17Mit230 0.10 0.040 0.010
D17Mit230 D17Mit21 0.45 0.019 0.006
D17Mit21 D17Mit231 0.17 0.020 0.006
D17Mit231 D17Mitl3 0.23 0.029 0.005
D17Mitl3 D17Nds3 0.03 <0.001 < 0.001
D17Nds3 D17Mit20 15.08 0.806 0.022
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Figure 4.1 Scale map positions of microsatellite markers within the MHC region (in red) 
and outside the region.
4.4.2 Population structure
Structure 2.2 was run using the genome-wide microsatellite data to 
determine if we had sampled a single population or several smaller 
metapopulations. The log likelihood values and posterior probabilities 
(Table 4.2) indicate that the model in which K = 1 fits the data much better 
than any higher values o f K. Thus, data from the animals sampled in the 
Winsford farm are consistent with that from a single panmictic population.
Table 4.2 Log likelihood values and probabilities for population numbers from K = 1 to K
= 5.
K ___ log P(X[K) P(K|X)
1 -1493 0.999
2 -1513 0.00021
3 -1554 0.00003
4 -1703 ~ 0
5 -1735 ~ 0
There was no evidence of a recent population expansion characteristic of 
the period immediately following a bottleneck; in a two-tailed Wilcoxon 
test with the null hypothesis of a population in mutation-drift equilibrium 
using the S.M.M. p = 0.577, using the I.A.M. p = 0.123.
The 12 genome-wide microsatellite markers were used to assign parentage 
using the program Cervus 3.0. No information was known about the age of
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mice upon capture so they could not be assigned to generations, meaning 
few parent pairs could reliably be assigned to offspring. The paternity of 
three o f the seven litters bom in captivity could be assigned at the 95% 
confidence level. O f the remaining offspring with no prior parentage 
information, one could be assigned to both parents at the 95% confidence 
level, five at the 80% level. One of the offspring assigned parents in this 
manner was a female that was pregnant upon capture, meaning we can 
verify that we have genetic samples from at least 3 generations of the 
population.
Relatedness between individuals is normally calculated from pedigree data. 
As there is no pedigree available for the Winsford population, I used the 
program Identix 1.0 to estimate the mean pairwise relatedness, rxy. The 
distribution o f rxy is shown in Figure 4.2. The majority of pairwise 
comparisons show relatedness equivalent to that of half siblings (rxy ~
0.25), however there is a left skew, showing that a few o f the individuals 
caught were unrelated. Identix found a significant deviation from the null 
hypothesis of no relatedness (mean rxy = 0.249, standard deviation = 0.093, 
p = 0.023). The maximum relatedness value was 0.589, greater than the %  
= 0.5 value expected for a parent-offspring or full-sibling relationship. This 
suggests that a proportion of the animals we have sampled belong to family 
groups that may have a level of inbreeding in their ancestory.
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Figure 4.2 Distribution o f pairwise rxy values among 75 wild-caught individuals.
4.4.3 Heterozygosity tests o f selection
A summary of the microsatellite data can be found in Table 4.3. One o f the 
genome-wide microsatellites, D3Mitl, was monomorphic for allele size 
120, making it uninformative for further tests. Three genome-wide and two 
MHC markers show allele sizes just outside those characterised in inbred 
strains, but only by one or two di-nucleotide repeats (MGI 3.51). The mean 
number of alleles was lower for genome-wide markers (mean K = 4.33) 
than MHC-linked markers (mean K = 7.86), although this difference was 
non-significant (%2 = 1.01, p = 0.313). Mean heterozygosity was also non- 
significantly lower in genome-wide markers (mean Ho = 0.518) than in 
MHC-linked markers (mean Ho = 0.810) ( / 2 = 0.06, p = 0.800). No 
markers show any significant deviation from levels of heterozygosity 
expected under Hardy-Weinberg.
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Table 4.3. Population data for the 12 genome-wide and 7 MHC liked microsatellite 
markers. Hardy-Weinberg probabilities (as calculated by exact test in Genepop) are all 
non-significant. FIS values that are significantly different from zero at the 95% level are 
shown in bold.
Locus N
Allele size 
range K Ho Hr
HWE
prob. Fis
Genome-wide markers
DlMit58 72 258 -280 5 0.486 0.460 0.817 -0.057
D2Mit405 75 7 8 -8 6 3 0.453 0.516 0.064 0.123
D3Mitl 73 120 1 - - - -
D4Mitl71 74 117-127 4 0.541 0.613 0.359 0.119
D5Mit25 70 204 - 240 6 0.471 0.502 0.666 0.062
D10Mit80 74 136-148 6 0.230 0.238 0.123 0.033
D10Mit98 73 152-170 3 0.479 0.507 0.359 0.054
DllM it63 73 130-146 4 0.671 0.703 0.634 0.045
DllM it300 74 138-152 6 0.473 0.579 0.058 0.183
D12Mit4 72 198-212 6 0.694 0.767 0.114 0.095
D15Mitl61 34 84-114 4 0.735 0.676 0.119 -0.068
D19Mit70 30 215-229 4 0.467 0.578 0.281 0.195
MHC markers
D17Mitl92 70 286 - 300 5 0.671 0.710 0.526 0.055
D17Mit230 70 278 - 308 10 0.900 0.881 0.989 -0.021
D17Mit21 43 155-179 6 0.837 0.770 0.917 -0.089
D17Mit231 68 285 -311 7 0.882 0.728 0.329 -0.215
D17Mitl3 68 212-242 10 0.912 0.847 0.764 -0.069
D17Nds3 73 206 - 246 10 0.918 0.788 0.298 -0.165
D17Mit20 71 155-189 7 0.549 0.5620 0.100 0.023
The majority o f the Fis values for the genome-wide markers are positive 
(Table 4.1 and Figure 4.3), with two markers showing significant 
deviations from zero (D1 lMit300, Fis -  0.183, Z = 2.16, p = 0.031; 
D19Mit70, Fis = 0.195, Z = 2.30, p = 0.021). Positive Fis values indicate a 
heterozygote deficiency from that expected under random mating, which 
can be a result of a level of inbreeding in a population. The two MHC- 
linked markers either side of the MHC region (D17Mitl9 and D17Mit2) 
also have positive Fis values but the markers located within the MHC 
coding region all have negative Fis values, with one marker significantly
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lower than zero (D17Mit231, FiS = -0.215, Z = -2.20, p = 0.028). The 
markers in the middle of the MHC region are more negative than those at 
the edges. The mean FiS is significantly lower for MHC-linked markers 
(Fis = -0.069) than genome-wide markers (Fis = 0.071) (y2 = 7.66, p = 
0.006). The difference in Fis values between MHC-linked markers and the 
control genome-wide markers is an indication o f contemporary selection 
acting at the MHC. However, care must be taken when interpreting results 
from the MHC markers in this study, as linked markers are not 
independent. Negative Fis values indicate an excess of heterozygotes from 
expected under neutral evolution, which can be an indication of balancing 
selection. I used Watterson’s homozygosity test of neutrality to test for 
evidence of balancing selection acting on the MHC-linked markers.
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Figure 4.3 FIS values plotted by marker. The mean for genome-wide markers is 
represented by the dashed line in the left panel; mean values for MHC-linked markers by 
the dashed line in the right panel. The connecting line shows the trend across the MHC 
region.
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Table 4.4. Summary o f the observed and expected values of Watterson’s test statistic F. 
The deviate o f F (F(obS)-F(eXp)/(var(F(e)tp))1/2 and significance are shown. Significant values 
(p < 0.05) are shown in bold.
Locus K 2N FfObsi F(Exd) Deviate Probability
Genome-wide markers
DlMit58 5 144 0.547 0.608 -0.349 0.364
D2Mit405 3 150 0.329 0.602 -1.564 0.059
D4Mitl71 4 148 0.533 0.542 -0.054 0.478
D5Mit25 6 140 0.265 0.456 -1.273 0.102
D10Mit80 6 148 0.770 0.453 2.059 0.020
D10Mit98 3 146 0.529 0.450 0.515 0.303
DllMit63 4 146 0.521 0.688 -0.915 0.180
DllM it300 6 148 0.514 0.513 0.005 0.498
D12Mit4 6 144 0.459 0.602 -0.816 0.207
D15Mitl 61 4 68 0.527 0.396 0.928 0.177
D19Mit70 4 60 0.306 0.395 -0.637 0.262
MHC markers
D17Mitl92 5 140 0.329 0.450 -0.797 0.213
D17Mit230 10 140 0.100 0.268 -1.732 0.042
D17Mit21 6 86 0.163 0.412 -1.795 0.036
D17Mit231 7 136 0.118 0.392 -1.973 0.024
D17Mitl3 10 136 0.088 0.228 -1.685 0.046
D17Nds3 10 146 0.082 0.271 -1.947 0.026
D17Mit20 7 142 0.592 0.394 1.413 0.079
The F deviate values for the genome-wide markers are spread around zero 
(mean = -0.037), but take both negative and positive values (Table 4.4 and 
Figure 4.4). One marker (D10Mit80) is significantly greater than zero. All 
the MHC-linked markers have negative values of F deviate, apart from 
D17Mit20 which is outside the MHC coding region. The five markers in 
the coding region have values that are significantly lower than zero, 
indicating a deficit in homozygous genotypes from the expected. This 
increased heterozygosity is a result of more equal allele frequency 
distributions than expected under a model of neutrality, which can be a 
consequence o f balancing selection.
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Figure 4.4 F deviate values plotted by marker. The mean for genome-wide markers is 
represented by the dashed line in the left panel; mean values for MHC-linked markers by 
the dashed line in the right panel. The connecting line shows the trend across the MHC 
region.
4.4.3 Sequencing
I obtained 10 unique sequences for H2-Ab exon two and 16 for H2-K1 
exons two and three. All sequences were obtained from more than one 
PCR reaction and from more than one individual to confirm 
polymorphisms were not due to PCR errors. Six of the sequences obtained 
for H2-Ab have a nine base-pair deletion at positions 182 to 191 of the 273 
base pairs coding for exon two. The nine base pairs CCG GAG ATC are 
replaced by the three base pairs TAC resulting in genes that are six base 
pairs shorter. The three amino acids proline (hydrophobic), glutamic acid 
(polar acidic) and isoleucine (hydrophobic) are replaced by tyrosine (polar 
non-charged).
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4.4.4 Synonymous and Nonsynonymous substitutions
I used MEGA 4.0 to calculate the rates o f substitution per potential 
synonymous site ( d s) and potential nonsynonymous site ( d n) between the 
unique sequences obtained from the Winsford population (Table 4.5).
Table 4.5 The number o f synonymous substitutions per synonymous site from analysis 
between sequences is shown. Standard error estimates were obtained by a bootstrap 
procedure (500 replicates). Analyses were conducted using the modified Nei-Gojobori 
(assumed transition/transversion bias = 2) method in MEGA4 with Jukes-Canter 
correction for multiple hits. All positions containing gaps and missing data were 
eliminated from the dataset (Complete deletion option).
Non-antigen binding sites Antigen binding sites
d s_______ d_N______d N/d  s______d j_______ djs______d N/d s
All 0.0776
±0.0172
0.0741
± 0.0206
0.954
± 0.0269
0.0545
±0.0364
0.2185
± 0.0840
4.001
±0.0915
H2-Ab 0.0210
±0.0154
0.0417 
± 0.0202
1.986
±0.0254
0.0306 
± 0.0326
0.1512 
± 0.0754
4.941
±0.0821
H2-K1 0.1343 
± 0.0306
0.1064 
± 0.0202
0.792
±0.0367
0.0785 
± 0.0657
0.2857
±0.1492
3.639
±0.1630
Both d s and d N are significantly higher in the class I gene H2-Ab than the 
class II gene H2-K1. Analysing both genes together, the rates of 
synonymous substitution per potential synonymous site is constant in both 
the non-antigen binding and antigen binding regions and the rate of non 
synonymous substitution per potential nonsynonymous site in the non­
antigen binding region is not significantly different from this value (F2 ,494 = 
0.227, p = 0.797). d n does not significantly differ from d s in the non­
antigen binding regions, but is significantly greater in the antigen binding 
regions (Table .4.6).
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Table 4.6 Codon-based test o f positive selection for analysis between sequences. The 
probability of rejecting the null hypothesis o f strict-neutrality (dN = dS) in favour o f  the 
alternative hypothesis (dN > dS) is shown. The variance o f the difference was computed 
using the bootstrap method (500 replicates). Analyses were conducted using the modified 
Nei-Gojobori (assumed transition/transversion bias = 2) method in MEGA4 with Jukes- 
Canter correction for multiple hits. All positions containing gaps and missing data were 
eliminated from the dataset (complete deletion option).
Non-antigen binding sites
____ z ____________ P_______
Antigen binding sites 
Z p
H2-Ab 1.237 0.109 2.163 0.016
H2-K1 -1.272 1.000 2.743 0.004
Tajima’s neutrality test compares the number of segregating sites and the 
nucleotide diversity in a population. Both genes tested show significantly 
positive values o f Tajima’s D, with H2-Ab (significant at 99% confidence) 
having a greater value than H2-K1 (significant at 95% confidence). A 
positive Tajima’s D  signifies greater numbers of pairwise nucleotide 
differences than expected from the number of polymorphic sites between 
sequences. This indicates possible balancing selection or population 
subdivision. As I have shown that the individuals sampled are likely to be 
from the same population, Tajima’s test suggests that balancing selection is 
acting on the MHC region.
Table 4.7 Tajima’s neutrality test as estimated in MEGA 4.0. The abbreviations used are 
as follows: m = number o f sequences, 0 = number o f segregating sites per sequence, 0  = 
9/a,, and jt = nucleotide diversity. D is the Tajima test statistic. Significant (p < 0.05) 
values o f  D are shown in bold.
m 0 © 71 D
H2-Ab 75 46 0.035 0.065 2.731
H2-K1 75 191 0.072 0.158 2.142
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4.5 DISCUSSION
There is no evidence to suggest that the mice sampled from the Winsford 
population do not belong to a single, stable, panmictic population. I used 
allele frequencies and levels of heterozygosity to test for evidence of 
selection acting on the MHC. Population growth and decline affect levels 
o f heterozygosity; for example a recent bottleneck would have been 
characterised by high levels of heterozygosity due to rapid population 
expansion (Kimmel et al. 1998). I found no evidence o f such an event, thus 
any variation in allele frequencies are likely to be due to the effects o f 
selection.
Potentially, several generations and family groups could have been 
sampled in this study, and without information about age this makes 
parentage reconstructions very difficult. Parentage reconstruction is 
confounded when the candidate parents are related to one another and the 
most problematic situation arises when either half- or full-siblings of the 
progeny are included in the pool of candidate parents (Jones and Ardren 
2003). Both could be the case in this study, as house mice live in family 
demes where a single dominant male defends a territory and females. 
Individuals trapped in the same area are likely to belong to a single 
extended family group making parentage assignment difficult and 
unreliable. Instead I assessed average relatedness within the sampled mice. 
I found a significant deviation from the null hypothesis o f no relatedness. 
The mean relatedness was below that expected between half-siblings (rxy = 
0.25), although the highest pairwise relatedness seen was actually above 
that expected between full-siblings or parent-offspring pairs (rxy = 0.5).
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This suggests that there has been some level o f inbreeding within the 
Winsford population, which agrees with what is already known about 
breeding patterns o f Mus musculus domesticus in the wild (Bronson 1979). 
Blouin et al. (1996) trapped mice in a bam on a dairy farm in California, 
USA. They typed them at 20 microsatellite loci and investigated 
relatedness. They found a much lower value of relatedness than in this 
study (mean rxy = -0.02), suggesting that few o f the mice captured were 
relatives. However, they also had some individual relatedness estimates 
above 0.5. Blouin et al. give few details about the duration and location of 
trapping, thus it may be that they sampled a larger area than in the current 
study and thus caught animals from a meta-population or several sub­
populations. Another alternative is that the relatedness in the current study 
is high due to the effects of inbreeding. If relatedness in the Winsford 
population is such that mice are regularly faced with quite close relatives, 
there are likely to be inbreeding avoidance mechanisms at work within the 
population. Thus any evidence o f selective pressures acting on the MHC 
may be due to the use o f this multi-gene locus as a representation o f 
genome-wide heterozygosity and/or a marker of close kin.
There was evidence o f significant disequilibrium between almost all pairs 
o f markers within and surrounding the MHC. Linkage disequilibrium 
within the MHC region justifies the use o f microsatellite markers to test for 
balancing selection acting on MHC genes. Sites within the MHC that are 
under the influence o f balancing selection will be linked to the 
microsatellite markers, thus any evidence o f selection could be detected by 
the markers alone. Watterson’s test o f neutrality for the MHC-linked 
markers indicates balancing selection acting at the MHC as found in other 
studies (Paterson 1998; Huang and Yu 2003). Balancing selection works to 
maintain multiple alleles within a population, leading to large numbers of 
alleles with equal frequencies, which results in higher numbers of
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homozygotes than expected under neutrality. This can be contrasted to the 
F deviates for the genome-wide markers, which are spread around zero 
(with the exception of one marker which is significantly positive, 
suggesting purifying selection is acting on a linked gene). The genome­
wide neutral markers prove a useful tool in investigating selection 
pressures acting on genes. Any influence of population growth or decline 
would also be evident in these markers, so it is the comparison between 
neutral markers and MHC-linked markers that allow deviations from 
neutral evolution to be observed in the context of the recent demography of 
the population.
In keeping with previous studies (Hughes and Nei 1988; Hughes and Nei 
1989; Hughes and Hughes 1995; Paterson 1998), I found evidence of 
balancing selection in the pattern o f substitution in the antigen binding site. 
The rate of nonsynonymous evolution is significantly higher than the rate 
o f synonymous substitutions, indicating selection for diversity at residues 
that are involved in presentation o f antigen to cells of the immune system. 
This pattern does not hold for the rest of the molecule, where the rates of 
nonsynonymous and synonymous substitutions are approximately equal. 
The apparent focus of the balancing selection on the antigen binding region 
o f the MHC molecule suggests that it is the ability to bind a diverse array 
o f peptides that is being favoured by natural selection. Tajima’s D is 
significantly positive for both MHC genes sequenced, showing the 
maintenance o f alleles at high frequency. High numbers of alleles at equal 
frequencies is a consequence of balancing selection, confirming that MHC 
loci in this population are subject to this type of selection pressure.
I have observed evidence of balancing selection in a wild population of 
mice both in the frequencies of alleles at the MHC, and in the increased 
rate of nonsynonymous substitution in the antigen binding sites.
Elucidating the mechanisms maintaining this selection pressure was not
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within the scope of this study. Both heterozygote advantage and frequency 
dependent selection have been proposed to maintain genetic diversity at the 
MHC (Doherty and Zinkemagel 1975; Hughes and Nei 1988; Potts and 
Wakeland 1990; Takahata and Nei 1990; Slade and Mccallum 1992; Potts 
and Wakeland 1993), and pathogen-host co-evolution and mate choice 
have been proposed as drivers of these processes. Further work needs to be 
carried out to disentangle the different pressures maintaining balancing 
selection at the MHC.
96
C h a p t e r  5
COMPARISON OF THE GENETIC DISTANCE 
BETWEEN MHC ALLELES IN A NATURAL 
POPULATION AND IN INBRED STRAINS
5.1 INTRODUCTION
A large proportion of studies investigating the functional and genetic 
properties of the MHC have used inbred laboratory strains of mice as their 
model species. These mice have been selectively bred for over a hundred 
years and each genome-wide homozygous strain can be traced back to a 
small number of founding animals (Atchley and Fitch 1991; Beck et al. 
2000). Homogeneity within a strain and heterogeneity between strains 
means inbred mice have been invaluable in studies investigating 
inheritance and immunology. However, how useful are these homozygous 
animals when studying a naturally polymorphic group of loci such as the 
MHC?
The MHC is a gene cluster characterised by high levels of polymorphism, 
and rates of mutation and signals o f selection pressures at the MHC have 
been well characterised (see 4.1). There are a greater number of alleles at 
MHC genes than at most other loci and levels of heterozygosity are high 
(Hedrick 1994), as is sequence divergence between alleles (Hughes and 
Yeager 1998). It is believed that there could be between 50 and 100 alleles 
in the more polymorphic loci such as H2-K and H2-D (Pullen et al. 1992) 
and several groups have characterised some o f the more common 
sequences (Gotze et al. 1980b; Arnold et al. 1984; Steinmetz 1986; Soper
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et al. 1988). The majority o f substitutions that make MHC genes so diverse 
are located within the region that codes for the antigen binding site. The 
antigen binding site is a specialised groove encoded by approximately 50 
amino acids located in the extracellular portion of the molecule, and is the 
region that interacts with self and foreign antigens.
Inbred strains of mice have been used in studies of pathogenic infections to 
separate the contributions of MHC and non-MHC genes on resistance 
(Dick et al. 1988; Else and Wakelin 1988; Else et al. 1990a; Else et al. 
1990b), and for that they are a useful tool. However, the outcome of 
infection is dependent on both the host and pathogen’s genotype 
(Casadevall and Pirofski 1999) and the limited range o f MHC and other 
immune genes found in inbred strains o f mice may not be an appropriate 
model to study the outcome o f infection in an out bred population. In a 
natural population, allelic diversity at the MHC is driven by parasite- 
mediated balancing selection and disassortative mating at the MHC 
(Apanius et al. 1997a; Edwards and Hedrick 1998; Hughes and Yeager 
1998; Meyer and Thomson 2001; Penn et al. 2002). The guidelines for 
creating an inbred strain o f mice state that the strain must originate from a 
single mating pair and have been created by brother-sister matings for 20 
generations or more (Davisson 1996). The result is that all individuals in a 
strain are essentially genetically identical. Forcing brother-sister matings 
removes any mate choice driven selection on the MHC and laboratory bred 
mice are kept infection free meaning there is no infection driven selection. 
Thus inbred mice are lacking the diversity within strains that is 
characteristic of the MHC in the wild.
The MHC has been suggested as a signal of relatedness that is used in the 
avoidance o f mating with close kin (see Brown and Eklund 1994 for a 
review). Parental MHC type may be learnt in the nest and avoided when 
mating (Beauchamp et al. 1988; Yamazaki et al. 1988), or a self-referent
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system of recognising closely related MHC types could be used. In either 
case, there may be an ideal genetic distance between an individual and 
their choice of mate; if  two MHC haplotypes are closely related the 
potential mate is likely to be close kin, if  they are distantly related the 
potential mate is likely to be from a different population and breeding 
success may be affected by outbreeding depression (Marr et al. 2002). If 
such a discriminatory system has evolved in the mouse, it is likely to 
function at the level of genetic distances that are found in natural 
populations. It has been shown that mice can be trained to distinguish 
between odours from MHC congenic mice (Yamazaki et al. 1979) and 
even between MHC congenic strains that differ at a single nucleotide 
(Yamazaki et al. 1983). Although these studies do not directly test whether 
mice are using such differences when choosing a mate, they do show that 
they are able to determine minute changes at the MHC in urine alone. This 
study investigates whether genetic distances between laboratory and MHC 
congenic strains o f mice are representative of genetic distances between 
MHC sequences in a natural population, and thus whether they would be 
encountered and informative in the wild.
We sampled a natural population o f Mus musculus domesticus from a 
commercial pig farm in the north-west o f England. We collected genetic 
samples from 75 individuals, including several family groups, spanning 
several generations. Amino acid analysis of these mice at two MHC genes 
gives an estimate o f the genetic distances between MHC alleles within a 
natural population. This is then compared to the distances between MHC 
alleles used in studies of MHC biased mating choices, including our own 
(chapter 3).
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5.2 AIMS
To estimate the genetic distances between MHC alleles in several different 
groups of Mus musculus domesticus I sequenced a class I gene (H2-K1) 
and a class II gene (H2-Ab) for 75 wild caught individuals from a natural 
population, the 16 MHC haplotypes present in our enclosure study, and I 
retrieved published sequences for a selection of inbred strains. A 
comparison was made between the mean genetic distances for each group 
to investigate whether the genetic distances used in studies of MHC biased 
mate choice and parasite studies represent the distances that would be 
encountered by an individual in the wild.
5.3 MATERIALS AND METHODS
5.3.1 Animals
To investigate MHC sequence diversity in a natural population I sequenced 
75 wild house mice (Mus musculus domesticus) that were trapped in and 
around the buildings of Winsford Pig Farm (Cheshire, UK) in seven 
trapping sessions between September 2003 and January 2005 (see 4.3.1). 
The animals used to breed founding individuals for the enclosure study 
were the FI - F3 offspring of wild house mice caught in five different 
locations throughout the northwest o f England, including the Winsford site 
(see 3.3.1.1).
5.3.2 Sequencing
DNA was extracted from tail snips from mice from the Winsford 
population and PCR reactions carried out as described in chapter 4 (see 
4.3.4). MHC haplotypes of the mice in the enclosure study had previously 
been determined (see 3.3.1.5), so I was able to identify individuals that
1 0 0
were homozygous at the MHC for 8 o f the 16 haplotypes included in the 
study. Genetic samples were kept for all founders and offspring captured, 
meaning I could easily sequence directly from PCR for these individuals 
(see 4.3.4 for details). The MHC gene sequences o f the remaining 
haplotypes were determined using a combination o f cloning and direct 
PCR sequencing.
MHC sequences for inbred strains were found by searching the MGI 
(Eppig 2007) and NCBI (Wheeler et al. 2008) databases. The IMGT 
Repertoire (MHC) (Lefranc et al. 2005) provides MHC haplotypes and 
polymorphism information for each inbred strain of mouse.
5.3.3 Genetic distance estimations
The mean number o f amino acid changes between pairwise sequence 
comparisons was calculated in MEGA 4.0 (Tamura et al. 2007) and the 
standard error of the mean was calculated by the analytical method. The 
nucleotide sites coding for the amino acids involved in antigen binding 
were chosen based on the three-dimensional crystal structure of the MHC 
molecule (Fremont et al. 1992 for H2-K1; Zhu et al. 2003 for H2-Abl).
I further investigated the types of substitutions in each data set by looking 
at the rate o f synonymous substitutions per potential synonymous site ( d s) 
and the rate of nonsynonymous substitutions per potential nonsynonymous 
site ( d n) in MEGA. The modified Nei-Gojobori method was used (Nei 
and Gojobori 1986; Zhang et al. 1998), which weights the 
transition/transversion ratio in the same way as the Kimura two-parameter 
method. A Jukes-Cantor correction was used (Jukes 1969) to correct for 
multiple hits.
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Maximum likelihood (ML) criteria were performed using a heuristic search 
in PAUP* (Swofford 1993). ML analyses were run with parameter settings 
identified as optimal for the data set by Modeltest (Posada and Crandall 
1998), which compares the model goodness-of-fit by using hierarchical 
likelihood ratio tests (hLRTs) and the Akaike Information Criterion (AIC) 
(Posada and Crandall 2001). The substitution model chosen was the TrNef 
model (Tamura and Nei 1993). Rate variation across sites was estimated to 
have a gamma (G) distribution with a shape parameter of 0.3224. The 
proportion of invariable sites was estimated to be 0.3351. The substitution 
rate matrix was estimated at A-C = 1.0, A -G  = 1.6, A -T  = 1.0, C-G = 1.0, 
C -T = 2.3 and G -T = 1.0. Base frequencies were set as equal. Tree 
searches were carried out using a heuristic search strategy. A total of ten 
random addition sequence replicates were carried out, with the tree- 
bisection-reconnection (TBR) branch swapping option in effect. Bootstrap 
resampling was employed using 100 replicates. The tree was constructed 
using the 13 inbred strains with published H2-Ab sequences (H2-Ab alone 
was used as only 8 sequences could be obtained for H2-K1). A H2-Eb 
sequence as an outgroup to root the tree.
5.3.4 Phylogenetic tree o f inbred sequences
5.4 RESULTS
5.4.1 Sequencing results
I obtained 10 unique sequences for H2-Ab exon two and 16 for H2-K1 
exons two and three (see 4.4.3). The same nine base-pair deletion in six of 
the H2-Ab sequences is also seen in 10 o f the 16 haplotypes used in the 
enclosure experiment, probably because these animals are likely to have 
Winsford caught individuals in their ancestry. In fact, three o f the
1 0 2
sequences obtained for the enclosure group are identical to sequences in 
the Winsford population, presumably due to common ancestry. Seven of 
the inbred sequences retrieved also show the same deletion. None of the 
Winsford or enclosure sequences match the inbred sequences used.
Mice used in enclosures and their parents had previously been typed using 
microsatellite markers located in and around the MHC region (Chapter 3). 
In enclosure B, this typing revealed a recombination o f paternal MHC 
haplotypes within the MHC region (Table 5.1). We sequenced individuals 
known to carry this recombined haplotype and obtained a H2-K1 sequence 
corresponding to the k haplotype and a H2-Ab sequence corresponding to 
the o haplotype confirming that a cross-over event had occurred. Our 
sequencing results give additional information as to the location o f the 
crossover. The cross-over occurs between marker D17MIT230 and marker 
D17MIT22. D17MIT230 is located in the H2-K1 coding region and 
D17MIT22 is in the H2-EM coding region. H2-Ab lies between the two 
markers (Appendix Figure 5.1). As the H2-K1 sequence corresponds to 
haplotype k and the H2-Ab sequence corresponds to haplotype o, the cross­
over event must be located between the H2-K1 and H2-Ab coding regions.
Table 5.1. Microsatellite sizes across the MHC region for a founding animal from 
enclosure B and her parents, coloured according to haplotype. The cross-over can be 
clearly seen between marker D17MIT230 and marker D17MIT22. The box surrounds the 
markers within the MHC, the other three markers are located outside the region.
haplotype D
17
M
IT
23
D
17
M
IT
19
2
D
17
M
1T
23
0
D
17
M
IT
22
D
17
M
IT
13
D
17
N
D
S3
D
17
M
IT
20
Sire k 184 302 209 181 231 249 172
0 187 288 222 187 229 233 176
Dam P 187 288 215 181 235 243 180
1 187 288 211 191 220 237 180
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5.4.2 Genetic distance estimates
I calculated the pairwise number o f amino acid substitutions per site 
between unique sequences within each of the three groups: the natural 
Winsford population, the enclosure experiment and inbred strains. I then 
took the mean o f these distance estimates to represent the average distance 
between two individuals in a particular group (Figure 5.1 and Table 5.2).
Table 5.2. The mean number o f amino acid substitutions (aa subs) between all pairwise 
comparisons within each test group. H2-Ab (10 sequences) and H2-K1 (16 sequences) are 
shown separately, as well as all sequence data combined. The standard errors o f the mean 
are included.
Winsford Enclosure Inbred Average
All
aa subs 41.19 49.02 40.14 43.45
std. err. ±4.36 ±4.24 ±3.61 ±4.07
H2-Ab
aa subs 8.31 11.55 12.56 10.81
std. err. ±2.54 ±3.08 ±3.21 ±2.94
H2-K1
aa subs 32.86 37.47 27.57 32.64
std. err. ±5.04 ±5.39 ±4.75 ±5.06
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Figure 5.1. Mean o f the amino acid substitutions between all pairwise comparisons within 
each test group. Error bars represent the standard error o f the mean.
The enclosure study has the highest mean genetic divergence, and the 
inbred strains have the lowest, with the natural population between the two. 
There is a significant difference in the mean number of amino acid 
substitutions between the natural population and the enclosure group (Z =
1.80, p = 0.036), but not between the natural population and the inbred 
strains (Z = -0.24, p = 0.405). The highest single pair-wise comparison (57 
amino acids) is between two H2-K1 sequences in the natural population.
I also looked at the genetic distances between sequences when considering 
amino acids involved in the antigen binding region of the molecule alone 
(Table 5.3).
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Table 5.3. The mean number o f amino acid substitutions (aa subs) between all pairwise 
comparisons within each test group using antigen binding sites only. H2-Ab (10 
sequences) and H2-K1 (16 sequences) are shown separately, as well as all sequence data 
combined. The standard errors of the mean are included.
Winsford Enclosure Inbred Average
All
aa subs 9.48 11.93 13.30 11.57
std. err. ± 1.72 ±4.24 ±1.95 ±2.63
H2-Ab
aa subs 3.96 5.62 7.41 5.66
std. err. ±2.11 ±3.99 ± 1.98 ±2.18
H2-K1
aa subs 5.53 6.32 5.89 5.91
std. err. ±1.80 ±5.39 ±1.86 ±3.02
When comparing the number of amino acid substitutions in the antigen 
binding sites only the inbred strains have the highest genetic diversity, and 
the natural population the lowest. There is a significant difference between 
the natural population and the inbred strains (Z = -2.22, p = 0.013), but not 
between the natural population and the enclosure study (Z = -1.42, p = 
0.077).
As there are more structural amino acids than there are amino acids 
involved in the antigen binding site, to compare the rates o f substitution, I 
calculated the number of substitutions per site for non-antigen binding and 
antigen binding sites (Figure 5.2).
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Figure 5.2 Mean o f the number o f amino acid substitutions per site between all pairwise 
comparisons within each test group. Comparisons between non-antigen binding sites and 
antigen binding sites are shown separately. Error bars represent the standard error o f the 
mean.
The genetic distances between binding sites alone is significantly higher 
than when considering the non-binding sites (Z = 7.71, p < 0.001). These 
sites are under higher selection pressure than the rest o f the gene, and thus 
diverge more quickly, reflected in the greater genetic distances seen.
I used the rates of nucleotide substitution per potential synonymous site 
( d s) and potential nonsynonymous site ( d n )  to further investigate the 
causes of the variance in genetic distances between groups (Figure 5.3 and 
Table 5.4).
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Figure 5.3. The numbers o f  synonymous substitutions per potential synonymous 
substitution site, dS (white bars), and the numbers o f  nonsynonymous substitutions per 
potential nonsynonymous substitution site, dN (hatched bars), for all three populations. 
Shown for non-antigen binding regions (upper panel) and antigen binding regions (lower 
panel) separately.
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Table 5.4. The number o f synonymous substitutions per synonymous site from analysis 
between sequences is shown. Standard error estimates were obtained by a bootstrap 
procedure (500 replicates). Analyses were conducted using the modified Nei-Gojobori 
(assumed transition/transversion bias = 2) method in MEGA4 with Jukes-Canter 
correction for multiple hits. All positions containing gaps and missing data were 
eliminated from the dataset (Complete deletion option).
Non-antigen binding sites Antigen binding sites
d s d n d im/ d s d s d n d n/ d s
Winsford
All 0.0776
± 0.0172
0.0741
± 0.0206
0.954
± 0.0269
0.0545
± 0.0364
0.2185
± 0.0840
4.001
± 0.0915
H2-Ab
n = 10
0.0210
± 0.0154
0.0417
± 0.0202
0.0207 
± 0.0254
0.0306
± 0.0326
0.1512
± 0.0754
0.1207
± 0.0821
H2-K1
n = 16
0.1343
± 0.0306
0.1064
± 0.0202
-0.0279
± 0.0367
0.0785
± 0.0657
0.2857
± 0.1492
0.2072
± 0.1630
Enclosure
All 0.0671
± 0.0222
0.0848
± 0.0332
1.264
± 0.0399
0.0579
± 0.0613
0.2774
± 0.1569
4.791
± 0.1685
H2-Ab
n = 16
0.0254
± 0.0178
0.0518
± 0.0233
0.0264
± 0.0293
0.0443
± 0.0408
0.3609
± 0.1540
0.3166
± 0.1593
H2-K1
n = 16
0.0671
± 0.0748
0.0837
± 0.0166
0.0166
± 0.0766
0.0749
± 0.0748
0.2973
± 0.0166
0.2224 
± 0.0766
Inbred
All 0.0462
± 0.0344
0.0677
± 0.0366
1.465
± 0.0502
0.0596
± 0.0666
0.3291
± 0.2397
5.522
± 0.2488
H2-Ab
n = 13
0.0202
± 0.0154
0.0557
± 0.0239
0.0355 
± 0.0284
0.0399
± 0.0435
0.2488
± 0.1117
0.2089
± 0.1199
H2-K1
n = 8
0.1139
± 0.0284
0.1139
± 0.0207
0.0000
± 0.0351
0.0758
± 0.0592
0.3059
± 0.1402
0.2301
± 0.1522
The rate of synonymous substitutions per potential synonymous site 
remains fairly constant when comparing antigen binding and non-antigen 
binding residues for all three populations and the rate o f nonsynonymous 
substitutions per nonsynonymous site is equivalent when looking at non­
antigen binding sites (F8,i5 io = 0.063, p = 0.999). d N was higher than d s at 
all but one comparison (the non-antigen binding residues in the Winsford 
population d s = 0.0776± 0.0172, d N = 0.0741 ±0.0206). d Nand ds 
values are comparable in the non-antigen binding regions, but are 
significantly higher when looking at the antigen binding residues in all
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three groups (Table 5.5). The inbred strains show the highest d n and the 
highest d n/ d s at the antigen binding sites.
Table 5.5. Codon-based test o f positive selection for analysis between sequences. The 
probability of rejecting the null hypothesis o f strict-neutrality ( d N = d S) in favour of the
alternative hypothesis ( d N > d S) is shown with significant differences shown in bold. 
The variance o f the difference was computed using the bootstrap method (500 replicates). 
Analyses were conducted using the modified Nei-Gojobori (assumed 
transition/transversion bias = 2) method in MEGA4 with Jukes-Canter correction for 
multiple hits. All positions containing gaps and missing data were eliminated from the 
dataset (complete deletion option).
Non-antigen binding sites Antigen binding sites 
Z__________ p__________ Z__________p
Winsford
H2-Ab 1.237 0.109 2.163 0.016
H2-K1 -1.272 1.000 2.743 0.004
Enclosure
H2-Ab 1.944 0.027 3.193 0.001
H2-K1 -0.002 1.000 2.696 0.004
Inbred
H2-Ab 1.324 0.094 3.758 <0.001
H2-K1 0.948 0.173 2.572 0.006
5.4.3 Genetic distance between strains used in previous studies
The functional region of the MHC molecule, the antigen binding site, 
determine the immunological binding properties of the molecule and is 
hypothesised to be the region that determines MHC specific odour changes 
in urine. Thus, the amino acids coding for the antigen binding regions are 
of particular interest. I looked at the genetic distances between the antigen 
binding sites of inbred haplotypes used in previous mate choice and 
familial recognition studies (Table 5.6) and parasite infection studies 
(Table 5.7). I compared these distances to the mean distance found in the 
wild population to see whether they were a fair representation o f the 
distances between the MHC alleles mice would encounter in the wild. 
Many studies use the same set of inbred strains so a limited number of 
MHC haplotypes have been used. Although when taking all inbred
1 1 0
sequences retrieved into account there is a significant difference in the 
mean number o f amino acid substitutions from that found in a wild 
population, none o f the mean number o f amino acid substitutions in the 
studies analysed differed significantly from the mean o f the natural 
population. However, some pairs o f haplotypes used do have lower genetic 
distances between them e.g., the number o f amino acid substitutions per 
site between haplotypes b and q (mean amino acid substitutions for 
Winsford = 11.57 ± 2.63, between haplotypes b and q = 16 ± 3.90, Z = - 
1.68, p = 0.046).
5.4.4 Phylogenetic reconstruction o f inbred strains
We used sequence data from the MHC gene H2-Ab to construct a 
weighted maximum parsimony tree o f the inbred strains of mice (Figure 
5.3). Branch lengths are representative of the number of nucleotide 
differences between strains. Bootstrap values above 50% are shown at the 
nodes and provide confidence in relationships. For comparison, a 
schematic of the relationship between inbred strains based on the actual 
pedigrees of strains is shown. Only haplotypes whose origin can reliably be 
assigned are included. Haplotypes that are derived from strains that are 
completely unrelated to the majority o f strains are also not included in the 
schematic, e.g., the u haplotype originates in the PL/J strain that is derived 
from non-inbred stock from Princeton and is completely unrelated to other 
inbred strains. The two trees show similarities at very close relationships 
such as those between strains carrying s and s2 haplotypes, between those 
with p and q haplotypes and the d haplotype is monophyletic to p and q in 
both trees. Other relationships derived from sequence data do not match 
the schematic showing known pedigrees.
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Figure 5.3. A. Parsimony analysis o f H2-Ab sequence data for 13 inbred strains o f  mice. 
Branch lengths are representative o f the number o f substitutions between sequences. 
Values at each node represent the percentage (of 1000 replicates) that give the shown 
relationship. B. Schematic representing the relationship between MHC haplotypes as 
reconstructed from the genealogies o f mouse inbred strains (Atchley and Fitch 1993; Beck 
et al. 2000).
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5.5 DISCUSSION
I found a nine base-pair deletion in exon 2 of H2-Ab in both the Winsford 
population and individuals used in the enclosure study. An identical 
deletion is seen in several inbred strains; haplotypes f  (strain B10.M), k 
(strain C3H), s (strain A.SW) and u (strain B10.PL); and has been 
characterised by Estess et al. (1986). Estess hypothesised that sequence 
similarity between alleles with and without the deletion, including 
maintenance o f a silent base change, indicate that the deletion occurred 
prior to separation of the alleles in inbred strains. The finding of an 
identical deletion in a natural population supports this theory. The 
maintenance of both varieties of allele within a natural population suggests 
that the deletion has no immunological effect, or confers a complementary 
fitness benefit.
I analysed the genetic distance between MHC alleles using the amino acid 
sequences o f exons coding for the antigen binding region of a class I (H2- 
K l) and class II (H2-Ab) gene. When considering the entire sequence, the 
MHC alleles from in the enclosure study (described in chapter 3) have a 
significantly higher mean amino acid divergence than found in a natural 
population. The animals bred for this study were the offspring of a 
laboratory maintained colony with wild animals from five different 
locations throughout the north-west of England in their ancestry. In an 
attempt to avoid the deleterious affects of inbreeding depression, the 
maintenance o f the laboratory colony includes a number of pairings 
between animals derived from different trapping locations. Thus, although 
the founders of each enclosure population were the FI offspring o f a single 
male mated with multiple females, it is not surprising that there is more 
genetic divergence seen in this group of animals than in a single natural 
population.
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When considering just the antigen binding sites o f the MHC molecules a 
different pattern is observed. The natural population now has the lowest 
mean number o f amino acid differences, with the inbred strains having a 
significantly more. Mouse strains are known to have mixtures of ancestral 
genomes from different Mus musculus sub-species (Yoshiki and Moriwaki 
2006), the main contributors being M. musculus musculus, M. musculus 
domesticus, and M. musculus castaneus. Contributions of different sub­
species would lead to large genetic distances between alleles. However, 
most inbred lines are derived from a small number o f founder animals, in 
fact phylogenetic analysis of mitochondrial DNA from inbred strains 
suggests that all common strains descend from a single Mus musculus 
domesticus female (Dai et al. 2005; Goios et al. 2007). This would lead us 
to expect inbred strains to have lower levels o f inter-strain MHC sequence 
diversity than found between, or even within natural populations. This does 
not appear to be the case in the functional regions o f the MHC molecules 
sequenced in this study.
The mean genetic distance is significantly higher at the antigen binding site 
than at the rest o f the MHC molecule, both for H2-Ab and H2-K1. These 
sites code for amino acids that interact with pathogenic antigens and thus 
the rate of fixation o f nonsynonymous changes is expected to be higher at 
these codons producing large numbers o f alleles with different antigen 
binding sites. The non-antigen binding site residues are structural and are 
under purifying selection, thus the rate o f fixation nonsynonymous 
substitutions is lower. I observed the same trend as Oliver and Piertney 
(Oliver and Piertney 2006); the proportion o f variable amino acids for the 
antigen binding region was over three times higher than the proportion or 
variable sites for the non-antigen binding region. This is manifest in the 
Kimura 2-parameter genetic distance estimators, as the total number of
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nucleotide substitutions per site is higher in the antigen binding regions due 
to an increase in nonsynonymous changes.
Studies that involve comparisons between inbred strains of mice, including 
those investigating mate choice decisions, may not be representative o f the 
genetic distances found in natural populations. I tested this directly with a 
selection of mate choice and parasite studies. Although some pairwise 
comparisons of the number of amino acid substitutions in the antigen 
binding site were significantly higher than the mean found in our natural 
population, the mean o f each of the studies I looked at was not significantly 
different. In the mate choice studies, some of the MHC haplotypes the 
mice were in contact with have higher divergences than they would find in 
a natural population. Drawing conclusions from these sorts o f comparisons 
must be therefore done carefully; if  animals are unlikely to encounter large 
distances between MHC types in the wild, it is improbable that they will 
have evolved mechanisms to compare such distances and any evidence of 
decisions based on MHC type may instead be due to a correlated gene or 
genes. Contrary to this, the studies looking at parasite resistance are 
repeatedly using a limited number of MHC haplotypes. While inbred 
strains can be useful in determining what aspects of susceptibility are 
controlled by the MHC, care must be taken if using these strains as a model 
for host-parasite interactions in the wild as they may not represent the 
genetic or allelic diversity seen in natural populations.
There is no significant difference between the rates of synonymous 
substitution per synonymous site ( d s) and nonsynonymous substitution per 
nonsynonymous site ( d n) in the non-antigen binding sites in all three 
groups. When ds is equal to dN a gene is said to be in a state o f neutral 
evolution and this appears to be the case in the regions o f the MHC genes 
coding for structural residues, d n is significantly higher than d s in the
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antigen binding region, suggesting these residues are under balancing 
selection. This is in agreement with previous studies that also find evidence 
of balancing selection acting on the antigen binding regions (Paterson 
1998; Meyer-Lucht and Sommer 2005; Worley et al. 2006).
The d n rate is greatest in the antigen binding site of the inbred strains, 
giving the highest ratio of synonymous to nonsynonymous substitutions 
( d n/ d s = 5.522 ± 0.248). Thus, there is the greatest evidence o f selection 
acting at the antigen binding regions o f the MHC molecule in the inbred 
strains tested. One explanation for this is that the MHC haplotypes present 
in inbred strains were derived from very different populations with their 
own unique pathogenic communities. This would mean that the antigen 
binding regions o f the alleles that went to fixation in each strain would be 
adapted to their own range of pathogens and thus they would be divergent 
from each other. In fact, the majority o f inbred strains used regularly are 
derived from crosses between mice o f several sub-species (Yoshiki and 
Moriwaki 2006), so there is a lot o f evolutionary time between the MHC 
alleles introduced into inbred strains and their most recent common 
ancestor leading to large divergences. Individuals within in a single 
population such as the one at Winsford are likely to encounter the same 
repertoire of pathogens and have more recent common ancestral MHC 
sequences, thus the diversity seen between the functional regions of their 
MHC alleles would not be as large as that between animals taken from 
separate populations. Another explanation is that an increase in the 
maintenance of nonsynonymous mutations has occurred after the formation 
o f the inbred strains. There is supposedly a lack o f pathogen driven 
selection acting on the MHC of inbred strains, which are maintained in 
near sterile conditions. Detrimental mutations in antigen binding site 
residues will not be selected against and will be maintained in the strain, 
where they would have been eradicated due to a loss in fitness in a natural
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population. However, Carroll et al. (2002) estimated that the number of 
new mutations between strains separated by 100 years would be as low as 
0.068 for each MHC gene, even taking into account the high mutation rate 
at these genes. Thus it may be the former hypothesis, or a combination of 
the two, that result in the higher d n/ d s ratio seen.
I reconstructed the phylogeny o f inbred stains of mice using MHC 
sequence data. Although the phylogeny mirrors the very close relationships 
calculated from known pedigrees, the majority of more distant associations 
disagree with pedigree information. This is in agreement with a study by 
Atchley and Finch (1991) who used different subsets of genetic data to 
reconstruct phylogenetic relationships o f inbred strains which they then 
compared to genealogical data. When using immune genes alone they 
generated a tree that significantly differed from relationships derived from 
pedigree data. There are several hypotheses explaining this lack of 
correlation. One is that immune genes, and in particular the MHC, had 
large numbers of alleles in natural outbred populations that were 
independently fixed by random drift during the development of inbred 
strains. Thus two different strains generated from the same population 
could have very different MHC alleles due to the high diversity o f the 
MHC in the founding population. In fact results from a genome wide study 
looking at genetic diversity between two inbred strains describe a mosaic 
structure, with areas of low diversity where the strains show a very recent 
common origin, and areas of high diversity where ancestry can be traced 
back to the three subspecies that generated inbred strains: M. m. musculus, 
M. m. domesticus and M. m. castaneus (Wade et al. 2002). Thus when we 
see distant relationships between MHC alleles it may be because there 
were different subspecies contributing to the generation of the two strains.
I have measured the number of amino acid substitutions in pairwise 
comparisons for class I and class II MHC genes for a population of wild
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mice, mice used in our enclosure study and inbred strains. When 
considering the antigen binding residues alone, I found a significant 
increase in the mean number o f amino acid substitutions in the inbred 
sequences when compared to the natural population.
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C h a p t e r  6
GENERAL DISCUSSION
The MHC has many unique genetic and functional properties that make it a 
fascinating region of the genome. It has therefore been much researched, 
with studies investigating the high level o f diversity o f MHC genes, the 
influence of pathogen driven selection on the maintenance of this diversity 
and, most recently, the hypothesised role of the MHC in mate choice and 
sexual selection (reviewed by Meyer and Thomson (2001), Jeffery and 
Bangham (2000) and Penn and Potts (1999) respectively). Many of these 
studies have used inbred strains of mice as their model species. While 
inbred strains, and especially MHC congenic strains, can be invaluable 
when investigating the immunological effects of individual MHC genes, 
studies investigating MHC variation and the behavioural consequences of 
MHC variation should use caution when extrapolating results from strains 
that have been experimentally inbred for hundreds of generations. My 
thesis uniquely investigates MHC diversity, parasite resistance and mate 
choice driven selection using completely wild-derived Mus musculus 
domesticus.
Despite substantial interest in the MHC of wild-populations (reviewed by 
Piertney and Oliver (2006)), there has been little recent investigation of 
diversity and selection of the MHC in wild house mice. A study of some 
480 mice trapped from 12 different populations in North America, South 
America, Europe, North Africa and the Middle East used serological 
methods to characterise diversity at the MHC (Duncan et al. 1979; Gotze et 
al. 1980a; Nadeau et al. 1981; Neufeld et al. 1986). They predicted that 
there were potentially up to 100 alleles at the H2-K and H2-D loci in
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mouse populations world-wide. They also found striking levels of 
heterozygosity at H2-K and H2-D (95%), and at H2-Ab and H2-Eb loci 
(85%) (reviewed by Klein and Figueroa (1981)). Heterozygosity levels 
exceeding those expected under neutral evolution are indicative of 
balancing selection acting on the MHC (Hedrick and Thomson 1983; 
Takahata et al. 1992). The work in Chapter 4 found similarly increased 
levels o f heterozygosity and evidence of balancing selection acting on the 
MHC of a wild population of house mice in the northwest o f England. 
Tests using MHC-linked microsatellite markers (Watterson’s test, Table
4.4 and Figure 4.4) found evidence o f balancing selection, as did tests 
looking at polymorphisms and allelic frequencies (Tajima’s D, Table 4.7). 
Comparing rates of synonymous and nonsynonymous substitution allowed 
the selection pressure to be traced to the regions coding for the antigen 
binding sites in the wild population (Table 4.5 and Table 4.6) and also 
within a sub-sample of sequences from inbred strains o f mice (Table 5.5). 
Only one class I and one class II gene were sequenced in this study. 
Characterisation at further genes would give an indication o f how selection 
varies across the MHC region. Future investigation o f MHC gene 
sequences in different populations could offer support to the current study 
and allow comparison o f between population diversity. The driving force 
maintaining balancing selection at the MHC is also a topic for further 
investigation.
Both natural and sexual selection have been implicated in the maintenance 
o f MHC polymorphism (Potts et al. 1994), although the exact mechanisms 
have not been determined. Natural selection may be mediated through 
host-parasite interactions (Hughes and Hughes 1995; Meyer and Thomson 
2001) and both laboratory based studies and studies o f natural populations 
have found effects of MHC heterozygosity on resistance to pathogens 
(Nevo and Beiles 1992; Penn et al. 2002; McClelland et al. 2003; Wegner
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et al. 2003; Wegner et al. 2004; Meyer-Lucht and Sommer 2005). Sexual 
selection could maintain high levels o f MHC heterozygosity through MHC 
disassortative mating (Penn and Potts 1999). MHC-mediated mate choice 
was first investigated when Yamazaki (1976) noticed male preference for 
MHC-dissimilar females in inbred laboratory strains o f mice. Since then 
there has been evidence both for (Yamazaki et al. 1976; Beauchamp et al. 
1988; Yamazaki et al. 1988; Potts et al. 1991; Potts et al. 1994; Wedekind 
et al. 1995; Reusch et al. 2001; Milinski et al. 2005), and against the role of 
the MHC in mate choice (Hedrick and Black 1997; Paterson and 
Pemberton 1997; Landry et al. 2001; Sauermann et al. 2001; Ekblom et al. 
2004; Westerdahl 2004). There was no evidence of MHC-biased mating in 
a large-scale study investigating inbreeding avoidance in semi-natural 
populations of wild-derived mice (Chapter 4 and Sherborne et al. 2007). 
Instead, the mice appeared to be using another highly polymorphic locus, 
MUP, to avoid mating with close kin.
Major urinary proteins are similar to MHC molecules in that they are 
encoded by a highly polymorphic gene cluster and they have a specialised 
binding groove that binds short peptides (Robertson et al. 1993; Beynon et 
al. 2002). The sole known role of MUPs is in chemical signalling and an 
individual’s MUP expression pattern may contain up to a dozen different 
proteins. It is these properties that have made MUPs a candidate for 
individual recognition and mate choice in the wild (Hurst et al. 2001; 
Brennan 2004; Cheetham et al. 2007). The finding of the enclosure study 
(Chapter 3), that the dearth in matings between full siblings can be fully 
explained by a significant deficit in the number o f successful matings 
between individuals that share both MUP haplotypes (Table 3.2, Model 4), 
supports these previous hypotheses, and suggests a role for MUPs in the 
avoidance o f inbreeding. This study generated a huge amount of data as we 
took genetic, blood and urine samples for over 80 founding individuals and
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nearly 900 offspring. Some of this data is already being analysed, for 
example the MUP phenotypes are currently being determined and related 
to genotypes. As parentage was determined, individual reproductive 
success can be correlated to measurements such as body mass, MHC and 
MUP genotype or genome-wide heterozygosity.
Genome-wide heterozygosity is believed to confer fitness benefits through 
heterozygote advantage and the masking of deleterious recessive alleles 
(Mitton 1993; David 1998; Hansson and Westerberg 2002). It has long 
been accepted that females value heterozygosity in their offspring. More 
recently it has been suggested that they may also value heterozygosity in 
their mates, as heterozygosity correlates with indicators of fitness such as 
dominance, male ornaments and sperm quality (Brown 1997; Kempenaers 
2007b). Both the MHC and MUP have been suggested as signalling 
systems that advertise the level of genome-wide heterozygosity in a 
potential mate. MHC and MUP heterozygosity is likely to correspond to 
genome-wide heterozygosity in a natural population, and thus assessing the 
levels o f heterozygosity at these loci could provide a mechanism for 
assessing genome-wide heterozygosity. However, no evidence was found 
to suggest that MHC and MUP heterozygosity had an effect on the 
reproductive success of male mice (Table 3.4). Instead, weight and 
genome-wide heterozygosity itself were found to have a significant effect 
on the numbers o f offspring sired by males. Heavier and more 
heterozygous males sired significantly more offspring than lighter and 
more homozygous males. This is another blow for the role of the MHC in 
mate choice. As well as finding no support for the role of the MHC in the 
recognition and avoidance of mates as potential kin, no evidence that MHC 
heterozygosity has any intrinsic benefits for reproductive success was 
found.
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The urine scent trails in Chapter 2 failed to find any female preference for 
MHC heterozygous males over MHC homozygous males (Figure 2.5), a 
further indication that MHC heterozygosity may not be used to represent 
genome-wide heterozygosity. Interestingly, females did show a preference 
for the urine of uninfected males over males infected with the intestinal 
nematode T. muris (Figure 2.4). Further work is currently underway to 
look for the molecular signal of infection using mass spectrometry on the 
urine o f infected and uninfected males. This aversion for the odour of 
infected individuals is in support of previous studies showing that animals 
will avoid the odour of infected cohorts (Kavaliers and Colwell 1993; 
Kavaliers and Colwell 1995b; Willis and Poulin 2000). It also suggests that 
females are using a much more direct assessment of male immunological 
fitness than assessing MHC heterozygosity or phenotype; they are simply 
avoiding males whose susceptibility to parasitic infection has indicated that 
they may have substandard immune genes. This is similar to the outcome 
o f the reproductive success study (Chapter 3) where there was no evidence 
o f a complex reporter system for genome-wide heterozygosity; instead 
body-size and genome-wide heterozygosity itself correlated with 
reproductive success. It seems intuitive that females should assess potential 
mates by the simplest means possible, instead of investing resources in 
investigating genetic markers that may be correlated with heterozygosity or 
fitness.
In chapter 2 ,1 show that a parasite that has been an effective infectious 
agent in inbred strains o f mice, Trichuris muris (Wakelin 1967; Else and 
deSchoolmeester 2003; Cliffe and Grencis 2004), is readily expelled from 
wild-derived mice. Susceptibility to T. muris has been shown to have both 
MHC and non-MHC determined components (Else and Wakelin 1988). 
Differing MHC genotypes were compared on similar genetic backgrounds, 
thus this study had the potential to determine whether resistance was
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mediated by the MHC genes present in the wild population or other 
immune genes. In fact, there was no influence of MHC heterozygosity or 
genotype on the expulsion of T. muris (all individuals completely expelled 
the parasite) or on the level of parasite-specific antibody produced (Figure 
2.2), suggesting that either the three MHC haplotypes tested were equally 
good at recognising pathogenic T. muris antigen, or background genes had 
a greater effect on resistance than genes mapping to the MHC. Further 
serological techniques would help to define the role of different genes in 
resistance to the parasite. For example, as in a study on T. muris infections 
in MHC-congenic inbred strains (Else et al. 1990b), immunoblots would 
show which pathogenic antigens are being recognised by which antibodies 
during infection, control of which Else et al. showed mapped to the MHC 
region. A larger study in which worm burdens could be assessed at 
different time points post infection would allow the speed o f expulsion to 
be determined. Further work on this system would help to disentangle the 
effects of MHC and non-MHC linked genes on resistance and could 
elucidate why some inbred strains appear to be completely susceptible to T. 
muris, even though susceptibility appears to be rare in the wild.
Inbred strains of mice are one o f the most widely used model organisms in 
animal studies. Complete homozygosity within strains and genetic 
variation between strains means they are useful tools in determining the 
influence of genetic polymorphisms on phenotypes. I analysed the average 
genetic distance between MHC sequences in a natural population and 
between MHC sequences o f inbred strains. I found no significant 
difference between the mean genetic distance found in a natural population 
and those found in eight studies investigating mate choice, and four studies 
investigating parasite resistance using inbred strains of mice. However, in 
some o f the studies that test female reaction to two different male odours, 
the genetic distance between the MHC sequences used was greater than
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those that would be encountered in a natural population. Some interesting 
future work would be to recreate previous studies that have used inbred 
mice using animals from the wild-derived population maintained at 
Leahurst to further test the relevance of using inbred animals to represent 
wild behaviour or immuno-competence (care would need to be taken in 
experimental design to take into account the variation across the genome 
present in wild animals, but absent in inbred strains).
The finding that house mice use the MHC in the avoidance o f inbreeding 
spurred the investigation of the role o f the MHC in mate choice in other 
species; including birds, (Zelano and Edwards 2002; Ekblom et al. 2004; 
Westerdahl 2004), fish (Milinski et al. 2005; Pitcher and Neff 2006) and 
humans (Roberts et al. 2005). If mate choice is not influenced by the MHC 
in mice, what does that mean for its role in other species? The MHC was 
shown to play a role in mate choice in some non-rodent species, but some 
studies found no influence o f MHC genes on mating patterns (Westerdahl 
2004; Paterson 2005). If the MHC is not acting as a cue for inbreeding 
avoidance in all species investigated, could MUP? MUPs have been shown 
to influence individual recognition and inbreeding avoidance (Chapter 3) in 
mice, however MUP orthologs are poorly investigated in non-rodent 
species (although see Dandeu et al. 1995). It is unlikely that MUPs are 
acting as a mechanism for inbreeding avoidance in all vertebrate species 
however, as even within the Mus genus they have proved to be 
monomorphic in some sub-species (Robertson et al. 2007). Whether 
inbreeding avoidance mechanisms are required at all is dependent on the 
mating and dispersal system of a species (Moore and Ali 1984; Caballero 
et al. 1996; Perrin and Mazalov 2000; Lehmann and Perrin 2003). It is 
possible that species or taxa-specific mechanisms have evolved to facilitate 
the avoidance of inbreeding at a level required by the mating behaviour of 
a particular species. It may be important for future studies to focus on
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species-specific cues of inbreeding avoidance, rather than looking for a 
vertebrate wide marker.
In conclusion, the work in this thesis describes the role o f balancing 
selection in maintaining the high levels of polymorphism and 
heterozygosity found at the major histocompatibility complex o f mice. The 
cause of this selection pressure was investigated, and there was no 
evidence to suggest a role for mate choice and sexual selection. Females 
did not appear to be assessing mate quality through MHC mediated 
changes in urinary odour. MHC heterozygosity had no effect on 
reproductive success in males. There was no evidence o f a role for the 
MHC in the avoidance of inbreeding. This suggests that the balancing 
selection seen at the MHC must be a result o f natural parasite driven 
selection.
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S um m ary
A nim als m ight be able to  use h ighly polym orph ic ge­
netic m arkers to  recognize very close re latives and  
avoid  inbreeding [1, 2]. The m ajor h is tocom patib ility  
com plex (M H C ) is thought to  provide such a m arker 
[1, 3 -6 ]  because it influences ind ividual scent in a 
broad range of vertebrates [6 -1 0 ]. How ever, d irect 
evidence is very lim ited [1 ,6 ,  10, 11]. In house m ice  
(Mus musculus domesticus), the m ajor u rinary protein  
(M U P) gene c luster provides another h igh ly  polym or­
phic scent signal of genetic identity [8, 12 -15 ] that 
cou ld  underlie  kin recognition. W e dem onstrate  that 
w ild  m ice breeding freely in sem inatural enclosures  
show  no avoidance of m ates w ith  the sam e MHC  
genotype w hen genom e-w ide s im ilarity  is contro lled . 
Instead, inbreeding avoidance is fu lly  expla ined by 
a strong defic it in successful m atings betw een m ice  
sharing  both M UP haplotypes. S ingle hap lotype shar­
ing is not a good guide to the identification  o f fu ll sibs, 
and there  w as no evidence of behavioral im printing  
on m aternal M HC or MUP haplotypes. Th is  study, the  
firs t to  exam ine w ild  anim als w ith  norm al variation  in 
MHC, M UP, and genetic background, dem onstrates  
that m ice use self-referent m atching of a species-spe­
cific  [16, 17] polym orphic signal to  avoid  inbreeding. 
R ecognition  of close kin as unsuitab le m ates m ight
'Correspondence: jane.hurst@liv.ac.uk
be m ore variab le across species than a generic  verte­
brate-w ide ab ility  to  avoid inbreed ing  based on MHC.
Results
Our experimental design m et a  set o f stringent require­
m ents to establish w hether m ice use m ajor histocom ­
patibility com plex (MHC) and /o r m ajor urinary protein 
(MUP) to avoid inbreeding. First, genetic recognition and 
m ate preferences need to  be dem onstrated against nor­
mally variable genetic and environmental backgrounds  
typical of natural populations. W e therefore used wild 
house mice (Mus musculus domesticus) rather than ge­
netically hom ogeneous laboratory m ice that are hybrids 
of three Mus subspecies derived from an extrem ely  
small pool of founders [18, 19] and have been subject 
to  strong artificial selection for ease of breeding in the  
laboratory [4, 20]. Second, previous studies examining  
kin recognition and Inbreeding avoidance in m ice have 
used only M H C  types derived from  laboratory strains 
(e.g., [3-5 , 21 ,22 ]). The role of M U Ps in this context has 
not been exam ined previously, probably because of the 
lack of variation in M U P  patterns within and between  
laboratory strains ([23], J .L.H . and R.J.B., unpublished  
data, and S.A. Cheetham , personal communication). 
This is in dram atic contrast to  wild house m ice, in which 
individual variation in the pattern of urinary M U Ps is the  
main basis for individual recognition through scent [12, 
1 3 ,1 5 ,2 4 ]. To properly reflect natural variation at these  
highly polym orphic gene com plexes, w e used founder 
m ice that carried a  large range of M H C  and M U P  haplo­
types derived directly from wild animals. Third, in natural 
populations, animals that share the sam e genotype at a 
highly polym orphic m arker such as M H C  or M U P  will be 
closely related and share many other alleles across the 
genom e. In order to test w hether inbreeding avoidance  
is driven by the sharing of M HC and /o r M U P  haplotypes 
(inherited independently) on naturally variable genetic 
backgrounds, w e controlled for background related­
ness in our analysis and design and thus the sharing of 
other alleles across the genom e. Finally, to  ensure natu­
ral behavior and m ate choice, w e  allowed m ice to breed  
freely in very large seminatural enclosures w ithout inter­
vention or disturbance.
In house mouse populations, dom inant m ales defend  
small territories in which they m onopolize m ating oppor­
tunities [25], and extraterritorial m atings by fem ales with 
neighbor territory owners are frequent [4, 26]. Animals 
that remain in the sam e local population are thus likely 
to encounter unfamiliar half sibs that share the same  
father but different m others in addition to full sibs that 
share both father and mother. To m odel this, w e released 
four replicate populations of half-sib and full-sib outbred 
house m ice (each derived from one father and several 
unrelated m others with full sibs reared only by their 
mothers; see the Supplem ental Experimental Proce­
dures in the Supplem ental Data available online) into 
four very large seminatural enclosures (each 250 m2
Current Biology Vol 17 No 23
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Table 1. Multinomial Logistic Models for Frequency of Mating
Likelihood 
Ratio (LR)
3 Log Likelihood Statistic3 df pb
Model 1: Full-Sib Avoidance
full sib -0.36 -491.07 3.42 1 0.08 (one tailed)
Model 2: MHC Sharing
one MHC haplotype 0.36 -490.63 4.31 2 0.27
both MHC haplotypes 0.12
Model 3: MUP Sharing
one MUP haplotype 0.15 -483.60 18.36 2 0.005
both MUP haplotypes -1.36
Model 4: Full MUP Sharing
both MUP haplotypes -1.44 -484.04 17.48 1 0.002
Model 5: Relatedness and Full MUP Sharing
full sib -0.12 -483.86 17.84 2 0.65c
both MUP haplotypes -1.38
Model 6: Maternal MHC Imprinting and Full MUP Sharing
one MHC haplotype match between male and female's mother -0.33 -482.61 20.34 2 0.18°
both MUP haplotypes -1.31
Model 7: Maternal MUP Imprinting and Full MUP Sharing
one MUP haplotype match between male and female’s mother -0.11 -483.76 18.04 2 0.54°
both MUP haplotypes -1.35
Summary of observed and expected frequencies for each category shown in Table S2.
a Compared to null model (log likelihood = -492.78). 
b Probabilities calculated by random permutation of data (n = 10,000). 
° Comparison to model 4.
with abundant cover and food). Tissue sam ples for ge- 
notyping w ere obtained from  all F1 founders (33 fem ale, 
48 male) prior to  release and from their parents, allowing 
us to  establish the separate M HC and M UP haplotypes of 
each heterozygous founder. The combinations of males 
and fem ales available as potential mating partners cov­
ered the full range of possible M H C  and M U P haplotype 
sharing (Table S1). A fter 15 weeks, when founding fe­
m ales could have reared up to three litters to  indepen­
dence, animals w ere captured from each population and 
F2 offspring of the original founders (n = 483) w ere geno- 
typed with 40 m icrosatellite markers so that parentage  
and M HC and M U P  haplotypes could be independently  
established. From these data, w e determ ined for each 
F1 founder fem ale the minimum num ber of successful 
matings with each available m ale (based on recovered  
independent offspring) and the num ber of offspring cap­
tured from each fem ale-m ale pair.
Consistent with inbreeding avoidance, w e found a  defi­
cit in the overall frequency of successful matings between  
full sibs (Table S2), although the effect was too w eak to  
differ significantly from random mating per fem ale (Table 
1: multinomial logistic model 1, p = 0.08). W e found no 
evidence for disassortative mating on the basis of MHC  
haplotype sharing (Table 1: model 2), i.e., there was no ev­
idence for few er successful matings between m ice that 
shared either one or both M HC haplotypes relative to 
those that shared no haplotypes (Table S2; Figure S1). 
By contrast, M U P sharing had a  strong and highly signif­
icant effect on the likelihood of successful mating (Table 
1: model 3, p = 0.005; Figure S1). Specifically, there was
no deficit when only one M U P  haplotype was shared, 
but there were many few er matings between m ice that 
shared both M UP haplotypes (complete match) than ex­
pected under random mating conditions (Table 1 : model 
4, p < 0.002). The same trend was evident across all four 
populations (Table S1). W e confirmed that this effect 
was due to M UP sharing between males and fem ales 
rather than inherent differences in male quality because 
there was no difference in the overall mating success of 
males represented in full M U P  sharing dyads (mean ±  
standard error of the mean [SEM] matings per m ale with 
any female: 4.4 ±  0.6, n = 23) compared to  the success 
of other males (3.8 ±  0.5 matings per male, n = 25; t46 = 
-0 .7 0 ,  p = 0.49). The strong deficit in successful matings 
between mice of the sam e M U P genotype also accounts 
for the w eak deficit in matings between full sibs (Table 1 : 
model 5 versus model 4, p = 0.6) because full sibs were  
much more likely than half sibs to  share both M U P haplo­
types (Table S1).
It has been hypothesized that familial (behavioral) im­
printing on maternal haplotypes would allow animals to 
avoid inbreeding with a greater proportion of kin than  
the use of self-haplotype sharing alone [21]. Behavioral 
imprinting on maternal haplotypes (M HC, M UP, or other 
genetic loci) should result in a  general avoidance of full 
sibs com pared to  paternal half sibs because all full 
sibs carry a  maternal haplotype at each potential genetic 
marker. However, the inclusion of overall relatedness 
(full versus paternal half sib) as well as M UP genotype  
sharing in the model provides no better explanation of 
the likelihood of mating than does M U P  genotype alone
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Table 2. Multinomial Logistic Models for Number of Offspring per Mating
3 Log Likelihood LR Statistic“ df Pb
Model 1: Full-Sib Avoidance
full sib -0.44 -497.90 7.69 1 0.02c (one tailed)
Model 2: MHC Sharing
one MHC haplotype -0.12 -499.24 5.02 2 0.25
both MHC haplotypes -0.49
Model 3: MUP Sharing
one MUP haplotype 0.11 -500.59 2.33 2 0.52
both MUP haplotypes -0.34
Summary of observed and expected frequencies for each category shown in Table S2. 
“ Compared to null model (log likelihood = -501.75).
“ Probabilities calculated by random permutation of data (n = 10,000). 
c Model 1 would also be significant at p < 0.05 in a two-tailed test.
(Table 1: m odel 5 versus model 4, p = 0.6). Specific anal­
ysis of fem ale behavioral imprinting on maternal M HC  
haplotypes (Table 1: model 6) or maternal M U P  haplo- 
types (Table 1: m odel 7) also failed to  significantly 
im prove explanation of the likelihood of mating above  
the direct sharing of M U P genotype alone (see the 
Supplem ental Experimental Procedures for further dis­
cussion).
There w ere few er offspring per successful mating with 
full sibs than random  expectation (Table 2: model 1, 
p = 0.02), consistent with the lower viability of offspring 
due to inbreeding depression [2 ,27 ] or with postcopula- 
tory sperm  or em bryo selection by fem ales [28]. How ­
ever, there w as no evidence that M HC or M U P  sharing 
betw een parents per se reduced the viability o f offspring 
from  successful matings. Thus, it is unlikely that the 
strong deficit in successful m atings betw een m ice of the 
sam e M U P  genotype (above) was due to  lower viability 
of these offspring. The small deficit in offspring from  
m atings betw een animals sharing both M HC haplotypes  
or both M U P haplotypes (Table S2) w as nonsignificant 
(Table 2) and was due to  the fact that m ost dyads in these  
tw o  categories w ere full sibs. Full sibs had significantly 
few er offspring per mating regardless of M H C  or M UP  
sharing. Similarly, the M HC and M U P genotypes of all 
F2 offspring followed the expected pattern of Mendelian  
inheritance (Table S2), indicating that M HC and M UP  
hom ozygotes and heterozygotes had equal viability with 
no evidence for differential postcopulatory selection.
W hy should m ice avoid m ates that share both M UP  
haplotypes but not those that share one haplotype? In 
our experim ent, the sharing of both M U P haplotypes  
was a  good predictor of w hether a potential m ate was  
a  full sib or not: 31%  of full-sib dyads shared both  
M U P  haplotypes versus only 5%  of half-sib dyads (Table 
S1). However, because 45%  of full sibs and 54%  of half 
sibs shared one M U P hapiotype, this was a  poor guide 
to w hether a  potential m ate was a full sib. A simulation 
of populations containing different num bers of haplo­
types shows this to  be a general rule and not just a con­
sequence of the mix of founders used in the current 
experim ent (Figure S2). Even when there are m any hap­
lotypes in the population, the sharing of one or zero hap­
lotypes provides very little information on w hether a  
potential m ate is likely to be a  full sib or a nonrelative, 
whereas the sharing of both haplotypes considerably
increases the likelihood that anim als are full sibs. M ice  
thus avoid mating when shared M U P  type reliably indi­
cates very close relatedness.
Discussion
The use of M U P alone was sufficient to  explain inbreed­
ing avoidance in this study. Although the deficit in mating  
between mice of the sam e M U P  type was very strong, 
there was no evidence that animals used genetic markers  
other than M U P to im prove their level o f inbreeding  
avoidance. Further, there w as no evidence to  support 
the previously untested hypothesis that anim als could 
increase the range of relatives avoided by imprinting on 
the separate haplotypes carried by their m other [21]. 
Such a  strategy would also result in the rejection of any 
unrelated animals that happen to share one maternal 
haplotype. Notably, animals should only avoid related  
partners when there is a high inbreeding load [29, 30], 
which is only likely to  occur betw een very close relatives 
within outbred populations. As w e have shown, the shar­
ing of both haplotypes (but not one) is a  reliable indicator 
of very close relatedness. Nonetheless, in fully outbred  
populations, most full sibs will not share both M U P  hap­
lotypes (only 31 %  shared both M U P  haplotypes in the  
current study), a  situation that applies to  any highly poly­
morphic loci, including M HC . Although this does not 
exclude a large proportion of close relatives, avoidance  
between mice sharing both M U P haplotypes might be 
sufficient to drive w idespread avoidance betw een very 
close relatives under natural conditions. Theoretical 
modeling predicts that fem ale discrimination against re­
lated males in polygynous mating systems will drive male- 
biased dispersal from natal areas even when discrim ina­
tion is relatively w eak [29], Consistent with this, the high 
level of dispersal am ong young males in house mouse 
populations [31] will have a  general effect o f separating  
close relatives of the opposite sex, reducing inbreeding  
even between pairs that do not share M U P  type.
The use of M U P as a  genetic m arker fo r inbreeding  
avoidance (whether a pre- or postcopulatory m echa­
nism) will prom ote genom e-w ide heterozygosity that 
includes M HC. Despite w idely held assum ptions in the  
literature that M H C -based scents are used by fem ales  
to avoid inbreeding and prom ote M H C  heterozygosity  
[1, 5 -9 , 22, 32], direct evidence is surprisingly limited.
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Correlations betw een M H C  dissimilarity and m ate choice 
within natural populations [11] might arise through the 
use of other non-M H C  cues because of the normal corre­
lation between M H C  and genom e-w ide similarity. Som e  
congenic laboratory mice that differ only at M HC (though 
see [7]) show disassortative mating preferences, but 
others do not [3, 5]. Moreover, the relevance of such 
studies to  the behavior of normal mice is highly question­
able [4,20]. Genetic recognition also needs to be dem on­
strated against the variable genetic and environmental 
backgrounds typical o f natural populations [15, 33]. 
Studies of hybrid laboratory mice crossed with wild mice 
to derive subjects with laboratory-derived M H C  haplo- 
types but with 50%  of their genom es from wild mice [4, 
21, 34] reveal a  deficit of M HC hom ozygous offspring. 
However, the design and interpretation of these studies 
remains controversial [1 ,5 ,3 5 ,3 6 ]. Offspring w ere typed  
only for M HC , so parentage could not be assigned and, 
crucially, parental differences in overall relatedness and 
other genes that might contribute to inbreeding avoid­
ance could not be assessed. Because the inbred strains 
used to derive M H C  and half of the genom e also had two  
different M U P  types, the deficit in M H C  hom ozygous 
offspring could have arisen from a correlation between  
M H C  and M U P  types in the derivation of the founder 
lines. Genetic variation in these hybrids was also likely 
to be substantially reduced com pared to  wild m ice. Fur­
ther research is needed for us to understand whether 
familial imprinting on M HC , M UP, or other genes is im­
portant in much m ore inbred populations when potential 
mates might share a com plete match to  maternal geno­
types or perhaps in extrem e situations when only M UP  
identical m ates are available. However, such situations 
could be very unusual because M UP variation persists 
even in an isolated population with low overall genetic 
variation that regularly undergoes genetic bottlenecks 
[37], Our findings further highlight the limitations of using 
laboratory strains in m ate-selection studies when mice 
are unable to  use their normally variable M U P  signals 
for either kin or individual recognition. Not only will these  
key signals be unavailable in tests of preference, but 
the lack of exposure to  natural variation in individual 
scents during the rearing of inbred animals might 
strongly im pact the developm ent of normal recognition 
processes.
Two broad outcom es derive from this study. First, it 
challenges the w idely held assumption that M H C  scents 
provide a  general mechanism  across vertebrates to 
avoid inbreeding and prom ote M HC heterozygosity. 
This idea has arisen largely from studies of laboratory 
m ice under extrem ely abnorm al genetic, social, and en­
vironmental conditions. Instead, normal wild m ice use a 
set of species-specific urinary proteins to  avoid inbreed­
ing that has evolved to provide optim ized characteristics 
for effective signaling through their urine scent-m arking  
system. Given the im portance of reliable identity infor­
mation for m ate selection and reproductive success, 
w e should expect anim als to evolve signals that are 
m ost appropriate for reliable comm unication in that 
species. The only known function of M UPs is in scent 
comm unication, and they are produced at very high 
abundance in urine by m ice of both sexes but with partic­
ularly strong investm ent by adult males [14]. These pro­
teins provide direct information about genetic identity at
several different levels in m ice (species, sex, individual, 
and kinship) ( [1 2 ,1 5 ,1 6 , 38], present study) in addition  
to  integrating identity and status information through  
bound low -m olecular-w eight volatile pherom ones [13, 
14, 39]. Individual M U P  signatures can easily be identi­
fied regardless of other genetic variation betw een wild  
mice [12 ,15 ], confirmed by the disruption of recognition  
when a  recom binant M U P is added to  wild mouse urine 
[12]. The fact that mice failed to  use M H C  scents in add i­
tion to  M U P when this could have improved inbreeding  
avoidance suggests that M H C  scents m ight not be easily 
recognized under naturalistic conditions, despite the  
ability of m ice to discrim inate M H C  scents in laboratory  
tests in which background variation is suppressed [7, 
8, 40]. Although M U Ps are produced in large quantity 
and are very resistant to degradation, providing a  persis­
tent signal that can be left in the environm ent as well as 
for direct comm unication [13], the short peptide ligands 
bound by M HC [8] lack the structural features for proteo­
lytic resistance and are therefore highly susceptible to  
both endoproteolytic and exoproteolytic attack. This 
would limit their reliability and persistence in scent sig­
nals. Although this does not mean that M H C  has no role 
in comm unication through scent, this might be m ore  
limited than previously assum ed. M U P-like orthologs 
are likely to be present in other species that use scent 
comm unication because proteins can provide direct 
information on genetic identity, but as yet there has 
been little investigation of alternative polym orphic 
markers beyond M HC. Initial studies indicate that M U P - 
like lipocalins are expressed by many rodents with a high 
degree of species specificity and diversity of expression  
[17], However, species that rely on visual, acoustic, or 
other forms of com m unication might encode genetic  
identity information through alternative polym orphic 
mechanisms.
The second general implication is that the ability to  
recognize kin as a  mechanism to avoid inbreeding might 
be more variable across species than previously con­
sidered. Mate-selection mechanisms to  avoid the delete­
rious consequences of inbreeding are only likely to  be  
important where kin encounter each other as adults 
[2]. Because house m ice often live at high density in 
fam ily-based social groups to exploit locally abundant 
resources [25], the need to recognize kin to avoid in- 
breeding will be relatively strong. However, the extent 
of polymorphism in M UP-like urinary proteins varies con­
siderably between Mus species [17]. Notably, M U Ps are  
not polymorphic in Mus macedonicus [16], a closely re­
lated grassland species that lives at much lower densities 
where individuals are much m ore widely dispersed than  
house mice, and thus the need to recognize kin to avoid 
inbreeding is likely to be considerably less. The ability 
to avoid inbreeding through kin recognition between  
adults might be restricted to  those species that have 
evolved specific polymorphic comm unication signals to  
achieve this rather than a general ability across verte­
brates. Som e species might also rely on familiarity of sig­
nals learnt during rearing rather than self-referent pheno­
type matching if relatives reliably interact in the absence  
of nonkin [41]. The understanding of these issues prom ­
ises to provide considerable insight into the im portance  
of kin recognition for the avoidance of inbreeding and  
maintenance of genetic heterozygosity in different social
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systems. It is tim ely to extend the scope of research into 
such polym orphic signaling system s beyond the M HC .
Supplemental Data
Experimental Procedures, four figures, and four tables are available 
at http://www.current-biology.eom/cgi/content/full/17/23/2061 /  
DC1/.
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Supplemental Experimental Procedures 
Subjects
The breeding plan simulated a naturalistic situation in which a dom­
inant male sires offspring from several females, resulting in a local 
population of full-sib and paternal half-sib mice. Thus, animals had 
a choice of mating with full or half siblings and with individuals 
with whom they shared zero, one, or two MHC or MUP haplotypes 
(see Figure S3 for a schematic illustrating the sharing of haplotypes 
between full and half sibs). This design was used because inbreed­
ing depression is only a high risk between very close (first order) 
relatives in outbred populations, and Inbreeding depression must 
exceed a substantial threshold before any avoidance behavior is ex­
pected to evolve [SI]. Because outbred full sibs are twice as closely 
related as half sibs, their offspring have twice the risk of inheriting 
homozygous deleterious recessive alleles, as well as having lower 
heterozygosity. Factors other than inbreeding depression influence 
the selection of genetically compatible mates among less closely 
related mates [S2], and unrelated or more distant relatives are un­
likely to share MHC or MUP types. For each of four separate popu­
lations, we bred founders by housing a single male house mouse 
(Mus musculus domesticus) with two sets of three unrelated females 
(each for 14 days) in breeding cages (40 x  23.5 x  12.5 cm). Mice 
were captive-bred F1-F3 unrelated animals from an outbred captive 
colony derived from wild ancestors captured from five different pop­
ulations in the northwest of England, UK. Females were housed sin­
gly prior to parturition (cages 40 x  23.5 x  12.5 cm) so that full-sib 
mice were familiar during rearing but half sibs met only after release 
Into enclosures as adults. For each population, three to five females 
produced F1 offspring sired by the same male (see Table SI). Off­
spring were separated Into single sex and sibship groups at weaning 
(4 weeks) and released into enclosures when they were 48-65 days 
old. Prior to release, all founders were given a subcutaneous radio­
frequency identification (RFID) tag for individual identification, and 
a small tissue sample was taken from the tip of the tail (1-2 mm) un­
dergeneral anesthesia (halothane) forgenotyping. Genetic samples 
were also taken from the founders' parents to allow the individual 
MHC and MUP haplotypes carried by each founder to be identified. 
There was no attempt to eliminate endemic parasites or viruses from 
our stock colony, which was regularly supplemented with wild- 
caught animals, with the exception of a screening program for the 
elimination of lymphocytic chorionic meningitis virus. The animal 
procedures used in this study were approved by the UK Home Office 
and the Animal Welfare Committee of the University of Liverpool, 
UK.
Population Enclosures
Founders sharing the same sire were released simultaneously into 
one of four very large (25 x 10 m) outdoor enclosures, each contain­
ing substantial long grass ground cover. The very large size of the 
enclosures ensured that all of the founders had the opportunity to 
establish territories. Vegetative cover was supplemented with 30 
nest boxes spread throughout each enclosure, although mice gen­
erally preferred to nest in the grass; ten concrete block shelters 
(45 x 45 x 35 cm) were added after 12 weeks when rain became 
heavy. Ten food and water stations, spaced evenly around the outer 
walls of each enclosure, provided ad libitum food (Lab Diet 5002 
Certified Rodent Diet) and water. Sheet-aluzinc walls prevented 
escape or contact between populations (1.3 m high with concrete 
foundations for the prevention of climbing or burrowing), and wire 
mesh upper walls and roof prevented predation. Mice were allowed 
to breed undisturbed before being live trapped 15-19 weeks after 
founder release. Each founder female could have reared up to three 
F2 litters to independence over this period that could be clearly
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Figure S1. Odds Ratio of Successful Matings between Different 
Dyads
Successful matings per female with a full sib versus a half sib and 
when sharing one or two MHC or MUP haplotypes versus sharing 
no haplotypes, estimated from a multinomial logistic model. An odds 
ratio of 1 indicates no mating bias (pre- or postcopulatory), and an 
odds ratio of less than 1 indicates avoidance. Ninety-five percent 
confidence Intervals generated by bootstrapping.
distinguished as F2 offspring (see below). Upon capture, founder 
mice were identified from their RFID tags and housed in captivity 
for use In further studies. All founders were recaptured and so 
were available as possible mates throughout the experiment. Sex, 
weight, and age class (adult, subadult, juvenile) were recorded for 
all animals, and a urine sample was obtained for further studies on 
MUP phenotyping. Nonfounders were then culled humanely under 
halothane anesthetic, and tail snips were taken for genotyping. 
Blood and gut samples were also taken for other studies.
MHC and MUP Genotyping
We established the MHC and MUP haplotypes of the founders for 
each population by using eight microsatellite markers across the 
MHC region on chromosome 17 and eight microsatellite markers 
surrounding the MUP region on chromosome 4 (Table S3). Full 
details of DNA extraction, polymerase chain reaction (PCR) amplifi­
cation, and product analysis are given in reference [S3]. The patterns 
of alleles present in the founders were compared to their parents so 
that linked alleles in the same haplotype and any crossover events 
could be identified. All F1 founders were heterozygous for MHC and 
MUP except for four females in population B, which were MUP 
homozygous.
To genotype the F2 offspring of the F1 founders, we selected three 
to four of the MHC markers and three to four MUP markers that
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Figure S2. Simulation Model
The odds in favor of a male and female being full sibs given the num­
ber of haplotypes that they share at a polymorphic complex. This is 
equivalent to the Bayes factor, i.e., the extent to which genotype in­
formation modifies a prior odds ratio to give a posterior odds ratio. 
Circles indicate no haplotypes shared, squares indicate one haplo­
type shared, and diamonds indicate two haplotypes shared. Ninety- 
five percent confidence intervals are shown. An odds ratio of 1 indi­
cates that the posterior odds ratio is unaffected by the genotype 
information. The odds in favor of a male and female being full sibs 
when two haplotypes are shared is analogous to the concept of ge­
notype matching described by Grafen [S13], and here we extend this 
to the case for sharing only one haplotype.
reliably discriminated each haplotype within a population (different 
sets of markers were used for each population, see Table S3). To 
check that MHC homozygotes were correctly identified and were
not due to poor primer amplification (leading to only one of two het­
erozygote alleles being detected by mistake), we ran an additional 
marker for any animals initially classified as MHC homozygotes. 
This confirmed homozygosity in all cases.
Parentage Assignment
Because parentage could only be assigned reliably to the F2 off­
spring of the founders, we excluded all animals that might have 
been F3 s on the basis of their weight, sex, and date of capture. If 
founders mated immediately after introduction to the enclosures, 
F2 offspring from the first litters could have started breeding 9 weeks 
after founder release (wild mice in enclosures rarely breed before 6 
weeks old, plus a 3 week gestation period) and produced offspring 
up to 3 weeks old when trapping began. We therefore excluded all 
mice that were 3 weeks old or less at week 15, according to sex-spe­
cific growth curves for F2 mice subsequently bred in captivity from 
the same half-sib founders (n = 19 litters weighed at weekly intervals 
from age 3 weeks). This left 497 offspring across the four enclosures. 
DNA was extracted from tail snips with 96-well AGOWA mag DNA 
Isolation kits and a Hamilton Microlab STAR robot. We selected 24 
microsatellite markers from the Mouse Genome Informatics site 
(MGI 3.51) spread across the genome and not linked (>50 cM) to 
either each other or the MUP or MHC regions (Table S4). The forward 
primer for each marker was 5'-fluorescently labeled with 6-FAM, 
NED, PET, or VIC among one of three size groups such that 12 
markers could be pooled into a single run. PCR amplification was 
conducted in 10 pi reactions containing 10 ng of DNA, 0.5 pM of 
each primer, and 5.0 pi of 2X BioMix Red reaction mix (Bioline [Lon­
don, UK]) and incubated at 95°C for 2 min, and 30 cycles of 95°C for 
30 s, 52°C-58°C (depending on the primer) for 2 min, then 72°C for 
30 s followed, with a final extension at 72 C for 10 min. The PCR 
reactions were then diluted 50- to100-fold and multiplexed in form- 
amide with GeneScan LIZ500 size standard (Applied Biosystems), 
and size was determined with an ABI PRISM 3100 DNA analyzer 
and GeneMapper v3.0 software (Applied Biosystems). Parentage 
analysis was carried out with CERVUS v3.0 [S4] so that individuals
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Figure S3. Expected Haplotype Sharing 
among Founders for MHC or MUP 
Full-sib mice derived from unrelated hetero­
zygous parents with different haplotypes for 
MHC (termed H-2 in mice) and MUP on aver­
age will share two haplotypes (25% of full-sib 
dyads), one haplotype (50%), or no haplo­
types (25%). Among half sibs, 50% inherit the 
same haplotype from their father, whereas 
50% share no haplotype. Occasionally, unre­
lated parents share a haplotype through 
common descent from the same populations 
(“ MUPS” in the example shown), resulting in a 
small proportion of half sibs that share two 
haplotypes. Haplotypes, denoted in upper­
case letters for H-2 and lowercase letters for 
MUP, were derived from wild mice and do not 
refer to known haplotypes from laboratory 
strains.
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Figure S4. Behavioral Imprinting on Parental Haplotypes 
Schematic illustrating haplotype sharing when a female (“ ef” ) mates 
with more than one male (“ab,” “cd”), such as two unrelated territory 
owners (letters represent MHC or MUP haplotypes, or alleles of 
other highly polymorphic genes, and show possible combinations 
among offspring). Familial imprinting on all haplotypes carried by lit- 
fermâtes would lead to the incorrect recognition of many unrelated 
animals as relatives. In the example, offspring of female ef would 
recognize any animals carrying haplotypes a-f as relatives (depend­
ing on haplotypes represented in the litter). This would result in off­
spring of male ab x female ef incorrectly recognizing male cd and all 
his offspring as relatives. In house mice, where related females nest 
communally and each mate with local male territory owners, familial 
imprinting on littermates could mean that most of the local dominant 
males together with their offspring are avoided as mates, even when 
they are not relatives. Familial imprinting only on maternal haplo­
types would allow the recognition of all full sibs and maternal half 
sibs as relatives [S7],
could be assigned to a parent pair with maximum-likelihood 
methods. All assignments were carried out blind to MHC and MUP 
type. We then checked for any incompatibilities between parentage 
and MHC and MUP genotypes. We found mismatches in only 2.8% 
of cases (14 out of 497 offspring typed). All of these were below the 
median weight for the youngest mice classified as F2 and, because 
these were probably F3 offspring, they were excluded from the data 
set.
Mating Assignment
Because individual offspring are not independent data points, we 
determined the minimum number of successful matings that must 
have occurred to explain the offspring captured. For each founder 
female, we plotted offspring weight against capture date and used 
the sex-specific growth curves from captive F2 together with pater­
nity to assign offspring to separate litters (females could have had a 
maximum of three litters that were over 3 weeks old by the start of 
trapping). We took the most conservative approach and only as­
signed offspring from the same father to separate matings if they 
were very unlikely to have come from the same litter (based on their 
weights and a maximum litter size of nine for wild house mice). This 
resulted in the assignment of 193 successful matings across the four 
enclosures, with all females producing at least two litters. Notably, 
67% of litters were sired by more than one male. Because matings 
were assigned blind with respect to MHC or MUP genotypes, any 
errors in assignment could not cause any bias in our analysis.
Statistical Analysis
We used the statistics package R v2.3.1 (www.r-project.org) to fit 
logistic multinomial models to the data with likelihood methods 
[S5]. Two response variables were analyzed: (1) the number of suc­
cessful matings made by a female from each of a set of available 
males and (2) the number of offspring produced from each of a set 
of observed matings. The log likelihood can be given by
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in which yij is the observed number of matings or offspring from sire j  
and dam /', and xy is a vector of explanatory variables that describes 
sire j  with respect to dam i  (i.e., whether the sire is a half or full sib of 
the dam and whether the dyad shares one, two, or no MHC or MUP 
haplotypes, respectively). 3 is the vector of coefficients, fitted by the 
maximization of the log likelihood with numerical optimization. In the 
case of two-tailed tests, the significance of explanatory variables 
was determined by the comparison of LR statistics (i.e., twice the 
log likelihood ratio for a pair of nested models) to a distribution gen­
erated by a permutation procedure in which the genotype or related­
ness of the dam was randomly reordered with respect to the set of 
available males. This permutation approach is more conservative 
than the comparison of LR statistics against a chi-square distribu­
tion because it controls for potentially inflated Type I errors that 
might arise from the repeated preference of a dam to a particular 
sire, unconnected to the relatedness or genotype of the sire with 
respect to the dam. In the case of one-tailed tests, the significance 
was determined by the comparison of the coefficient fitted to the 
observed data with the corresponding distribution generated by the 
permutation procedure.
Familial Imprinting
Animals might avoid inbreeding not only by the comparison of their 
own genotype to that of potential mates but also by behavioral 
imprinting on the scents of close relatives during rearing. Previous 
evidence for MHC effects on sexual preferences suggest that mice 
prefer mates of different MHC type from the parental odors experi­
enced in the nest rather than those differing from self [S5-S8], and 
it has been hypothesized that negative imprinting on MHC-deter- 
mined odors would allow females to avoid inbreeding with a greater 
proportion of kin than self inspection alone [S7], Because extra-pair 
matings and multiple paternity occur frequently in house mice [S9, 
S10], and related females often rear their offspring communally 
[S11], indiscriminate imprinting on all nest mate haplotypes would 
be very error prone and result in avoidance of many unrelated mates 
(Figure S4). However, imprinting only on maternal haplotypes would 
allow the recognition and avoidance of all full sibs and maternal half 
sibs [S7], To test this, we compared the likelihood of mating accord­
ing to whether or not males had an MHC or MUP haplotype that 
matched one of those carried by a female’s mother. Note that all 
males necessarily shared one MHC and one MUP haplotype with 
the mother of full sib sisters, whereas some also shared one MHC 
or MUP haplotype with mothers of paternal half sibs through com­
mon ancestry from the same populations. Because these were 
outbred populations, no males shared both MHC haplotypes with 
a female’s mother, and only a very small number of dyadic combina­
tions shared both MUP haplotypes (2.8%, all full sibs). We also 
checked for any evidence of negative imprinting on maternal haplo­
types among males [S8] but found no effects.
Simulation Modeling
We investigated, across a range of possible populations, whether 
a male sharing 0,1, or 2 haplotypes with a female was a good guide 
as to whether he was a brother or not. We modeled the odds in favor 
of a male and female being full sibs compared to being unrelated 
given the number of haplotypes that they share at a polymorphic 
locus,
Pr(sibs|x) _ r  p(x|sibs)
Pr(unrelated|x)- 1 - r  p(x|unrelated),
i.e., the posterior odds ratio of a male and female being full sibs or 
not is the product of the prior odds ratio (in the simplest case derived 
from the proportion, r, of full sibs that a female encounters) and the 
Bayes factor [S12], which is the odds ratio of the probabilities that 
a male and a female will share x haplotypes given that they are or 
are not sibs. The Bayes factor, therefore, is the quantity of interest 
because it is a measure of whether the extra genotypic information 
gained from odor cues have increased or decreased the relative 
odds of a potential mate being a brother.
In order to estimate the odds ratio p(x|sibs)/p(x|unrelated), we 
performed separate simulations for different numbers of alleles at 
a locus, ranging from two alleles up to 12 (Figure S2). For each 
simulation, we drew 1000 allele frequency distributions at random. 
From each allele frequency distribution, we estimated p(x|sibs)
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Table S1. Summary of F1 Founders and F2 Offspring in Each Population
Population
A B C D Total
F1 Founders
MHC haplotypes 
MUP haplotypes
6 female, 7 male 
(3 litters)
6
7*
12 female, 18 male 
(5 litters)
9*
9
7 female, 12 male 
(3 litters)
5
7
8 female, 11 male 
(3 litters)
6*
7*
33 female, 48 male 
(14 litters)
16
20
Number of Female:Male Dyads
Full sib 18 36 14 28 96
Half sib 24 180 70 60 334
MHC Haplotype Sharing between Founders (% Full-Sib Dyads/% Half-Sib Dyads)
both 27.8/0 38.9/0.6 57.1/4.3 25.0/6.7 35.4/2.4
one 50.0/62.5 41.7/59.4 42.9/95.7 53.6/45.0 46.9/64.7
none 22.2/37.5 19.4/40.0 0/0 21.4/48.3 17.7/32.9
MUP Haplotype Sharing between Founders (% Full-Sib Dyads/% Half-Sib Dyads)
both 27.8/0 22.2/3.3 35.7/2.9 42.9/13.3 31.3/4.8
one 44.4/54.2 52.8/59.4 50.0/48.6 32.1/46.7 44.8/54.5
none 27.8/45.8 25.0/37.2 14.3/48.6 25.0/40.0 24.0/40.7
F2 offspring genotyped 99 192 101 91 483
Number of Matings Observed (Expected) According to MHC Haplotypes Shared
both 2(3.4) 9(5.7) 1(5.3) 5(4.6) 17(19.1)
one 20(16.6) 50(45.1) 41 (36.7) 19(19.0) 130(117.3)
none 8(10.0) 22(30.2) 0(0) 16(16.4) 46(56.5)
Number of Matings Observed (Expected) According to MUP Haplotypes Shared
both 0 (2.9) 3 (5.9) 0 (3.2) 3 (8.8) 6 (20.7)
one 22(15.4) 51(48.1) 19(20.7) 22(16.4) 114(100.5)
none 8(11.7) 27(27.1) 23(18.2) 15(14.8) 73(71.8)
Indicates that one founder inherited a crossover haplotype, combining alleles from two haplotypes. For analysis, this was regarded as a match 
for either of the original haplotypes.
and p(x|unrelated) from 250 samples in which we picked two geno­
types randomly according to Hardy-Weinberg expectations, set 
these as parents, and then generated a daughter from these parents 
and determined (1) the proportion of her brothers sharing 0,1, or 2 
alleles and (2) the proportion of unrelated males in the population 
sharing 0, 1, or 2 alleles with her, which we approximated from 
Hardy-Weinberg expectations.
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Table S2. Summaries of Observed and Expected Frequencies 
among F2 Offspring
Number of Matings
Relatedness Half Sib Full Sib
Observed 159 34
Expected* 149.16 43.84
MHC Sharing None One Haplotype Both Haplotypes
Observed 46 130 17
Expected* 56.53 117.35 19.12
MUP Sharing None One Haplotype Both Haplotypes
Observed 73 114 6
Expected* 71.76 100.51 20.73
Number of Offspring
Relatedness Half Sib Full Sib
Observed 414 69
Expected6 395.92 87.08
MHC Sharing None One Haplotype Both Haplotypes
Observed 135 311 37
Expected6 124.78 310.57 47.65
MUP Sharing None One Haplotype Both Haplotypes
Observed 159 314 10
Expected6 164.48 304.67 13.85
Offspring Genotype
MHC Homozygous Heterozygous
Observed 94 389
Expected* 96.25 386.75
MUP
Observed 77 406
Expected* 83.50 399.50
* Expected on the basis of the proportion of dyads of each type avail­
able for each female.
6 Expected on the basis of matings of each type per female.
0 Expected on the basis of parental genotypes and number of 
offspring per mating.
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Table S3. Microsatellite Markers Used for MHC and MUP Genotyping
MHC Marker Location Forward Primer Reverse Primer Size Repeat Label Comments F2*
D17Mit230 17 b2 32.3 Mb 5'-TGACATAAACCTC 5'-CCAGCCCATCTAAA 288 CA ned duplicated A, B, C, D
TGGCTTCC-3' GTCATTTC-3' in all mice
D17Mit22 17 B2 33.9 Mb 5'-GCATTAGATAGAGA 5'-ATGGATGGCGAGAA 216 GT hex used A, B, D
GTAGATGGGTTG-3' TGAGAC-3'
D17Mit231 17 B2 34.1 Mb 5'-GCCTCAGCAAGAC 5'-ACTCCTCCTTTTCCC 285 GT hex used
CCTAAAC-3' TCTCC-3'
D17MIT13 17 B2 34.6 Mb 5'-TGCAGGCAAGATC 5'-GAAAGAGGGTGTCG 239 GT hex used
CAAGAAG-3' ATGCTC-3'
D17Nds3 17 B3 34.8 Mb 5'-CAGCCTTAATGGG 5'-ACAGAGGGGAAGAG 222 CT ned used B
TCTGGTC-3' GAAAGC-3'
D17Mit47 17 B3 35.8 Mb 5' -CT G AG ACCAGTGCA 5 '-1 11 I ICAATATGTGAG 238 CA fam used C
GTGGAA-3' CATGTGC-3'
D17Mit24 17 B3 37.0 Mb 5'-ACCTCTCACCTCTC 5'-GCAAGTTTAGGGATCT 131 CA fam used A, B, C, D
TCTGTG-3' TTTCTCC-3'
MUP Marker Location Forward Primer Reverse Primer Size Repeat Dye Comments F2*
D4NDS6 4 B3 52.8 Mb 5'-CGGGGAAGGTTGT 5'-AGGCCAGCAATGTAG 240 GT ned used
TTGTTTG-3' AAAGG-3'
D4Mit139 4 B3 55.2 Mb 5'-TCAAACTGGGAAG 5'-GCCGTAGAAGAGAAG 149 GT hex used D
AGCCAAG-3' TAATTTTTCC-3'
D4Mit241 4 C1 55.7 Mb 5'-TTTCCAGTGTTGT 5'-AAGGCAAATCACTAG 219 CA hex used D
CCAGAGC-3' GTGCTG-3'
D4Mit288 4 C1 56.8 Mb 5'-ACATTCAGCAAA 5'-TGCCATTTGTTATAGA 168 CA ned used A, B
GACTGAGCAC-3' CCATGC-3'
D4 mit164 4 C1 59.5 Mb 5'-AACACATATATACC 5'-ATTTCCACCCTGTCCA 142 CA fam used A, B, C
AAGGCAGCAC-3' CTCC-3'
D4Mit243 4 C1 59.6 Mb 5' -AGCCCT ACT GATT 5'-TGGAAAGTTGAAAAC 168 CA fam used A, B, C, D
GCTCTCC-3' CACTGC-3'
D4Mit217 4 C1 59.7 Mb 5'-ACTCAATTAGGTT 5'-GGCACTTGCTGCCA 246 GT hex used
GTTCAGATAGCC-3' CATC-3'
D4Mit17 4 C1 62.8 Mb 5'-GCCAACCTCTGTG 5'-CCTCTGACATCCAC 138 GT fam used A, B, C, D
CTTCC-3' ACACATC-3'
Indicates that after MHC and MUP haplotypes in F1 founders and their parents were identified with all listed markers, only a subset were 
necessary for the identification of haplotypes in F2 offspring for each of populations A-D.
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Table S4. Microsatellite Markers Used for Parentage Assignment
Marker
Position
(CM)
Location
(Mb) Forward Primer Reverse Primer Size Label
D1Mit58 1 8.3 9.7 5'-GGACTGGCAATCCTCTTGTC-3' 5'-GCACGTTAGAGAGTGGGCTC-3' 254 VIC
D1Mit155 1 112.0 196.1 5'-ATGCATGCATGCACACGT-3' 5'-ACCGTGAAATGTTCACCCAT-3' 252 NED
D2Mit405 2 68.9 149.7 5'-TGATTATATCTTGGAATACACGTGTG-3' 5'-CTGTGTAGCAAAACAGTTTATGGC-3' 84 6-FAM
D3Mit1 311.2 0.3 5'-TGTGCACAGGGGTACATACA-3' 5'-TCATTTTCTTCCTCCCCCTC-3' 143 VIC
D3Mit163 3 87.6 157.3 5'-TGGATACATACATATACATGGAAATGC- 5'-TTTCTCCAGACCCATGAACC-3' 143 6-FAM
D4Mit171 4 6.3 22.6 5'-CAGGTGTAATAATGG I I I I IIGACC-3' 5'-CATATTAAATAAACACAGCAGCACG-3' 318 PET
D4Mit310 4 71.0 147.5 5'-TCTCCACGTGTGTGCCTTAG-3' 5'-TGAAAGCACTCTGCAGACTCA-3' 117 PET
D5Mit25 5 61.0 111.8 5'-AACACACCT CC ATACT GGTCG-3' 5'-GGCTAACTGAAATTGTTTTGTGC-3' 234 NED
D6Mit105 6 45.5 108.6 5'-CTGTCTCCACTACTTCTATTCCTGG-3' 5'-CAAAAGCCTTATATATTACACCTCACC-3' 237 6-FAM
D7Mit253 7 55.0 115.3 5'-TGTGGGTGCAACCAAATG-3' 5'-TTTGGTGATATAGATACTAGGTGTGTG-3' 89 NED
D8Mit29 8 33.0 70.7 5'-CCCTAGTGTATACATAGAGGGGTG-3' 5'-TCTTTGTGTTGTGATGTGTTGTAA-3' 109 VIC
D9Mit12 9 55.0 99.4 5'-ATTCAAGGGGCAGTACACAT-3' 5'-TGGTCCTGGTAAAACTGCCT-3' 96 6-FAM
D10Mit80 10 4.0 11.5 5'-CAAAAAAAACCCTGATTCTACCA-3' 5'-GTGTGCATATGGCAGTAACTTTG-3' 154 NED
D10Mit98 10 59.0 102.0 5'-TCAGGCATCTAGTGAGATGATCC-3' 5'-CCCATAGATGCAGGGGTG-3' 150 VIC
D11 Mit63 11 2.0 17.1 5'-GCCCACAACTTTGTGTCCTT-3' 5'-TTGACCATGCTCCTCATCAG-3' 139 PET
D11 Mit300 11 68.0 111.3 5'-TTTGGCTGTGATAAAACAAAACA-3' 5'-TTGAGTTTTGATTTTGTATGTGGG-3' 145 6-FAM
D12Mit4 12 34.0 79.9 5'-ACATCCCCAGCTCTTGTTTG-3' 5-AAACCAAACCAAAGAAGCTTAGG-3' 201 PET
D13Mit77 13 73.0 118.0 5'-TCTTTGAAGTCCCTTTCAAAGC-3' 5'-ATAGCACTGCACTCATGCTCA-3' 275 VIC
D14Mit212 14 13.5 36.2 5-AACATGTGCACTGGAACAATG-3' 5'-TCATTTATCAATTTACTTTGGTGAGG-3' 102 PET
D15Mit161 15 69.2 97.9 5'-TCTGTTTTGTTTGTTCGTTTGC-3' 5'-TAAAATCTCCCTGTATACAAGTCTGTG-3' 99 NED
D16Mit71 16 70.5 98.0 5'-T AGAAAAT CTTC AAATAGGAT CT GTTC-3' 5'-GAGCATTTCCCTTTTACCTGG-3' 154 PET
D17Mit94 17 45.9 75.8 5'-TGGAGAGGCATCCAACTCTC-3' 5'-TTCCTCTTAGTCCACCTTTTGC-3' 146 NED
D18Mit33 18 44.0 70.0 5'-GCATGTCGTATCCATAAACATACG-3' 5'-ATGCGGGCTTGACTTCTG-3' 140 VIC
D19Mit70 19 51.0 50.8 5-AAAATATCAGGGCATGGTGC-3' 5'-GGGTTATTAGGAAAATTTATGTTGTG-3' 195 6-FAM
